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ABSTRACT 
Experimental  and a n a l y t i c  i n v e s t i g a t i o n s  of a x i s y w e t r i c  H a l l  
c u r r e n t  a c c e l e r a t o r s  a r e  r epor t ed .  The purpose of t he  i n v e s t i g a -  
t i o n s  was tu determine the performiice potsntlal cf s ~ c h  a device 
as an e lec t r ic  space propuls ion engine .  Paramet r ic  s t u d i e s  of  t h e  
a c c e l e r a t o r  were made w i t h  s e v e r a l  p r o p e l l a n t s ,  emphasis being 
p l aced  upon t h e  tes ts  using hydrogen and sodium. Some d i a g n o s t i c  
measurements on t h e  engine  and exhaust  beam w e r e  made and a r e  re- 
po r t ed ,  t h e  most important  being a de termina t ion  of t h e  c u r r e n t  
p a t h  i n  the  exhaust  beam of the hydrogen a c c e l e r a t o r .  Mechanisms , 
t o  e x p l a i n  t h r u s t  p roduct ion  and o t h e r  engine  c h a r a c t e r i s t i c s  a r e  
p o s t u l a t e d  and d iscussed  i n  d e t a i l .  The concept  of an " e f f e c t i v e "  
mass flow r a t e ,  which is determined by a minimum p o t e n t i a l  hypo- 
t h e s i s ,  i s  developed t o  t h e  poin t  where a complete a n a l y s i s  of a 
s i m p l i f i e d  model of t h e  a c c e l e r a t o r  can be made. Such an a n a l y s i s  
i s  completed and t h e  r e s u l t s  a r e  compared, where p o s s i b l e ,  w i t h  ex- 
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The development of t h e  d i r e c t  c u r r e n t  axisymmetric plasma accel- 
e r a t o r  over t h e  p a s t  s e v e r a l  years  has  been a t echno log ica l  accomplish- 
ment of cons ide rab le  magnitude. However, t h e  d e s i r e  t o  r a p i d l y  develop 
t h e  a c c e l e r a t o r  i n t o  a p r a c t i c a l  space p ropu l s ion  engine has  l e d  t o  an 
i n o r d i n a t e  emphasis be ing  placed upon o b t a i n i n g  o v e r a l l  performance 
comparable t o  o r  b e t t e r  than  t h a t  of  i o n  eng ines .  A comprehensive i n -  
v e s t i g a t i o n  of t h e  p h y s i c a l  p r i n c i p l e s  which determine t h e  performance 
c a p a b i l i t y  of t h e  engine has consequent ly  not t aken  p l a c e .  Nor is i t  
l i k e l y ,  even i f  a programwere i n i t i a t e d  t o  t h i s  end, t h a t  r e s u l t s  of 
immediate va lue  would appear because of t h e  m u l t i p l i c i t y  of mechanisms 
and t h e i r  interdependency.  This should not  d e t e r  us, however, from 
developing hypotheses  f o r  t h e  mechanisms i n  t h e  engine  and d e r i v i n g  
from t h e s e  semi-empirical  des ign  parameters  and cri teria f o r  op t imiz ing  
t h e  conf igu ra t ion .  
A few very gene ra l  s t a t e m e n t s  concerning t h e  mechanisms which 
govern t h e  behavior  of magnetic annular  a c c e l e r a t o r s  can be  made: 
1. Thrust  i s  produced by t h e  expuls ion  of h igh -ve loc i ty  i o n s  
from t h e  engine.  
2. The i o n s  are produced by c o l l i s i o n s  between atoms and 
e n e r g e t i c  e l e c t r o n s  throughout t h e  volume of t h e  d i scha rge .  
3 .  The e lec t r ica l  d ischarge  ex tends  a c o n s i d e r a b l e  d i s t a n c e  
downstream of t h e  e l e c t r o d e s  and, hence,  t r a n s f e r s  most of 
t h e  energy and momentum t o  the gas f a r  from t h e  engine.  
Viscous i n t e r a c t i o n  with engine  components can hence be  
neg lec t ed .  Thermal conduction e f f e c t s  t o  a l l  engine  com- 
ponents o t h e r  t han  the  cathode can  a l s o  be  neg lec t ed .  
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4 .  Since t h e  d ischarge  occurs  i n  a low d e n s i t y  environment,  most 
o f  t h e  i n t e r n a l  energy of t h e  g a s  can be a s s o c i a t e d  w i t h  t h e  
e l e c t r o n s .  A s  t h e  a r c  c u r r e n t  becomes l a r g e ,  e . g . ,  > 1000 amps, 
then t h i s  may n o t  remain v a l i d ,  s i n c e  t h e  h igh  p r e s s u r e s  i n  t h e  
cathode j e t  could l e a d  t o  c o n s i d e r a b l e  ion  h e a t i n g  due t o  e lec-  
t ron- ion  c o l l i s i o n s .  S i m i l a r l y ,  t h e  energy a s s o c i a t e d  w i t h  t h e  
body f o r c e s  e x e r t e d  on t h e  gas  can be a s s o c i a t e d  w i t h  t h e  i o n s .  
5 .  The power t r a n s f e r r e d  t o  t h e  anode can almost a l l  be a t t r i b u t e d  
t o  t h e  energy convected by t h e  e l e c t r o n s  a s  they  c a r r y  t h e  c u r -  
r e n t  i n t o  t h e  anode. T h i s  i s  e s p e c i a l l y  t r u e  when t h e  cathode 
t i p  i s  f l u s h  w i t h  t h e  anode f a c e .  A s  t h e  cathode t i p  i s  re- 
cessed f u r t h e r  and f u r t h e r  back i n  t h e  anode c a v i t y ,  more and 
more  of t h e  anode h e a t i n g  w i l l  be due t o  conduct ion from t h e  
hot g a s .  
6 .  The s o l e n o i d a l  magnetic f i e l d  t h a t  i s  a p p l i e d  a c t s  a s  a magnetic 
nozzle f o r  any plasma t h a t  i s  produced by t h e  d i s c h a r g e .  That  
i s ,  a l l  forms of  e l e c t r o n  and i o n  energy ( e x c l u s i v e  of  i o n i z a -  
t i o n  and r a d i a t i o n )  a r e  conver ted  i n t o  a x i a l  and r a d i a l  i o n  
v e l o c i t i e s  by expansion out of t h e  magnetic f i e l d .  T h i s  i n d i -  
c a t e s  t h a t  a l l  t h e  e l e c t r i c a l  puwer of t h e  d ischarge  can be  
converted i n t o  beam power except  f o r :  ( a )  The anode and 
cathode power l o s s ,  ( b )  The power used i n  i o n i z i n g  the  p r o p e l -  
l a n t .  
7 .  A l l  of t h e  beamenergycannot be conver ted  i n t o  a x i a l  k i n e t i c  
energy. The i o n s  w i l l  have some t a n g e n t i a l  v e l o c i t y  t o  b a l -  
ance t h e  torque  produced on t h e  a c c e l e r a t o r  by t h e  d ischarge  
cur ren t  c r o s s i n g  t h e  a p p l i e d  magnetic f i e l d .  There w i l l  a l s o  
be some r a d i a l  v e l o c i t y  of t h e  i o n s  due t o  t h e  shape of t h e  
magnetic nozz le .  
A l a r g e  f r a c t i o n  of t h e  t h r u s t  r e a c t i o n  occurs  on t h e  magnet. 
T h i s  i n d i c a t e s  t h a t  azimuthal c u r r e n t s  must be flowing i n  t h e  
plasma tube .  
8 .  
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The above c o n s i d e r a t i o n s  lead t o  some w e l l  def ined  des ign  c r i t e r i a :  
1. Raise  t h e  a r c  v o l t a g e  t o  a s  h igh  a va lue  a s  p o s s i b l e  wh i l e  
main ta in ing  the  e l e c t r o n  temperature  a t  modestly low va lues .  
This  w i l l  t r a n s f e r  a l a r g e  amount of k i n e t i c  energy d i r e c t l y  
t o  t h e  ions  w i t h  good thermal e f f i c i e n c y .  
2 .  I n j e c t  the  p r o p e l l a n t  so t h a t  i t  w i l l  be ion ized  i n  a r eg ion  
of high p o t e n t i a l ,  i . e . ,  near  anode p o t e n t i a l .  T h i s  w i l l  
al low t h e  ions  t o  c a r r y  some of t h e  c u r r e n t  and t h u s  acqu i r e  
energy d i r e c t l y  from the e l e c t r i c  f i e l d .  
3 ,  U s e  a p r o p e l l a n t  of low molecular  weight  t o  o b t a i n  t h e  b e s t  
p o s s i b l e  energy t r a n s f e r  c h a r a c t e r i s t i c s  between i o n s  and 
e l e c t r o n s .  Also pick  a p r o p e l l a n t  w i t h  a low f i r s t  i on iza -  
t i o n  p o t e n t i a l  so  the gas can be e a s i l y  s i n g l y  ion ized  wi th  
a minimum power l o s s .  The second i o n i z a t i o n  p o t e n t i a l  should 
be as h igh  as p o s s i b l e  t o  prevent  e x c i t a t i o n  o r  i o n i z a t i o n  
of t h e  second e l e c t r o n .  
One of t he  most d i f f i c u l t  ques t ions  t h a t  conf ron t s  t h e  exper i - '  
m e n t a l i s t  who i s  a t t empt ing  t o  eva lua te  t h e  a c c e l e r a t o r  performance 
c a p a b i l i t y  i s  t o  d e f i n e  t h e  condi t ions  which w i l l  c o n s t i t u t e  a v a l i d  
test .  The problem a r i s e s  because t h e  d i scha rge  ex tends  i n t o  t h e  wake 
an inde termina te  d i s t a n c e .  The s p e c i f i c  q u e s t i o n s  are t h e s e :  
1. How l a r g e  must t he  vacuum tank  be t o  i n s u r e  t h a t  t h e  tank  
w a l l s  do no t  a f f e c t  engine performance? 
2 .  What p recau t ions  which must b e  t aken  t o  i n s u r e  t h a t  t h e  
m a s s  f low rate i n  t h e  exhaust  beam i s  equa l  t o  o r  lower than 
t h e  p r o p e l l a n t  i n j e c t i o n  ra te  i n t o  t h e  a c c e l e r a t o r ?  
Pre l iminary  tests i n d i c a t e d  that the s i z e  of the t ank  i s  not  
c r i t i c a l .  However, the p o s s i b i l i t y  s t i l l  e x i s t s  t h a t  i n  some cases  
t h e  t ank  may l i m i t  t h e  s i z e  of the d i scha rge ,  o r  may a c t u a l l y  c a r r y  
some of t h e  d i scha rge  c u r r e n t  over a p a r t  of i t s  pa th .  T e s t s  i n  tanks  
of va r ious  d iameters  and l eng ths  have been conducted a t  EOS and else- 
where bu t  t h e  r e s u l t s  are s t i l l  no t  conclus ive  because o t h e r  v a r i a b l e s  
occurred  s imultaneously i n  t h e  t e s t s .  
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The problem of de te rmining  t h e  r a t i o  of beam p a r t i c l e  f l u x  rate 
r o p e l l a n t  i n j e c t i o n  r a t e  i s  formidable .  When tests are be ing  con- 
ducted wi th  an a l k a l i  metal p r o p e l l a n t  any one of t h e  fo l lowing  sources  
of e x t r a  m a t e r i a l  f o r  t h e  beam e x i s t s :  
1. 
2. 
3 .  
4 .  
Propel lan t  can  condense on any c o o l  engine  component. 
cond i t ions  are a l t e r e d  s o  t h a t  t h e  engine h e a t s  up, t h i s  
p rope l l an t  can  vapor ize  and e n t e r  t h e  exhaust  beam. 
If a l l  of t h e  beam p a r t i c l e s  do n o t  adhere  t o  t h e  t a r g e t  o r  
tank w a l l s  once they  have s t r u c k  i t ,  then  t h i s  "backstreaming" 
p rope l l an t  can  be  ion ized  and a c c e l e r a t e d  i n  t h e  d i s c h a r g e ,  
r e s u l t i n g  i n  a r e c i r c u l a t i o n  of t h e  p r o p e l l a n t .  
I f  any background gaseous material i s  p r e s e n t  i n  t h e  vacuum 
tank, e .g . ,  air  leakage,  t hen  t h i s  subs tance  can  be ion ized  
and a c c e l e r a t e d  by t h e  d ischarge .  
The hea t  f l u x  t o  one o r  bo th  e l e c t r o d e s  can  become h igh  
enough t o  vapor ize  e l e c t r o d e  or  i n s u l a t o r  m a t e r i a l .  The 
d ischarge  may, once a g a i n ,  i o n i z e  and a c c e l e r a t e  t h i s  
m a t e r i a l .  
When 
Items 1 and 4 can be  c o n t r o l l e d  by proper  des ign  and by e x e r c i s i n g  
c a r e  wh i l e  t e s t i n g .  By us ing  adequate pumping c a p a c i t y  and s e a l i n g  
of t h e  vacuum tank ,  t h e  impur i ty  l e v e l  of ambient gas can  be maintained 
adequately low. I f  necessary ,  l i q u i d  n i t r o g e n  l i n e r s  can be used.  
There i s  r e a l  d i f f i c u l t y  , however, i n  de te rmining  i f  t h e  r e c i r c u l a t i o n  
of p rope l l an t  can ever  be completely e l imina ted .  The beam i t s e l f  i s  
l i k e l y  t o  dis lodge p a r t i c l e s  t h a t  have condensed i n  t h e  t a r g e t  a r e a  
and t h e s e  could backstream i n t o  t h e  volume of t h e  d ischarge .  
The ex ten t  t o  which any one o r  s e v e r a l  of t he  above-mentioned 
fou r  processes  may have had some in f luence  upon performance d a t a  t h a t  
have been repor ted  elsewhere and i n  t h i s  r e p o r t  i s  d i f f i c u l t  t o  assess. 
Since i t  i s  not p o s s i b l e  t o  ob ta in  s u f f i c i e n t  d e t a i l  from reading  re- 
p o r t s  of o ther  work, w e  s h a l l  con f ine  our comments on t h i s  s u b j e c t  t o  
t es t  r e s u l t s  r epor t ed  by EOS e x c l u s i v e l y .  The most important  observa- 












When an a l k a l i  metal i s  used a s  the  p r o p e l l a n t ,  it has  been found 
t h a t  i n c r e a s i n g  t h e  background pressure ,by  i n j e c t i n g  gas i n t o  t h e  
vacuum t a n k , r e s u l t s  i n i t i a l l y  i n  a dec r sase  of measured t h r u s t  and a 
consequent degrada t ion  i n  engine performance. I n  a l l  c a s e s ,  i t  has  
been found t h a t  t h e  performance e i t h e r  remains cons t an t  o r  improves 
as t h e  background p r e s s u r e  i s  reduced below 1 ~ .  F u r t h e r  d i s c u s s i o n s  
of t h i s  problem w i l l  be  found throughout t h i s  r e p o r t .  
The development of s ~ ~ ~ p r e h e i i s i ~ e  theory d ~ s ~ r i h i i i g  the  i i i~~hai i -  
i s m s  and performance c a p a b i l i t y  of t h e  a c c e l e r a t o r  has  a l s o  proven t o  
be  a very d i f f i c u l t  t a s k .  A phenomenological theory  w a s  developed at  
EOS (Ref. 1) which used measured dependencies of t h r u s t  and anode 
power loss upon t h e  c o n t r o l l a b l e  v a r i a b l e s  t o  develop r e l a t i o n s  among 
t h e  v o l t a g e ,  s p e c i f i c  impulse,  and t h r u s t  e f f i c i e n c y .  N a t u r a l l y ,  t h i s  
approach d id  n o t  i d e n t i f y  any mechanisms f o r  t h r u s t  p roduct ion  o r  
power lo s ses .  A more fundamental approach t o  t h e  problem i s  presented  
i n  t h i s  r e p o r t  and a complete a n a l y s i s  i s  c a r r i e d  out f o r  a s i m p l i f i e d  
model of t h e  a c c e l e r a t o r .  The s i g n i f i c a n c e  of some o v e r a l l  conserva- 
t i o n  p r i n c i p l e s  i s  a l s o  d iscussed .  
The under ly ing  p r i n c i p l e  of t h e  a n a l y t i c  approach developed a t  
EOS i s  t h a t  t h e  d i scha rge  w i l l  opera te  i n  a minimum p o t e n t i a l  mode. 
This  fo l lows  t h e  accepted approach t o  s tudy ing  a r c  d i scha rge  phenomena, 
which i s  assumed t o  remain v a l i d  even when a s i g n i f i c a n t  f r a c t i o n  of 
t h e  d i scha rge  power i s  t r a n s f e r r e d  d i r e c t l y  i n t o  k i n e t i c  energy of 
t h e  ions .  This  l eads  t o  t h e  concept of a c r i t i c a l  mass f low def ined  
as t h e  e f f e c t i v e  m a s s  f low ra te .  The i d e a s  behind t h i s  concept are 
simple.  
a c r o s s  an e l e c t r o d e  conf igu ra t ion  where t h e  a r c  c u r r e n t  and a p p l i e d  
magnetic f i e l d  s t r e n g t h  are he ld  cons t an t  whi le  t h e  p r o p e l l a n t  f low 
rate through t h e  engine i s  var ied .  I f  t h e  t h r u s t  i s  e l ec t romagne t i c  
i n  o r i g i n ,  it w i l l  no t  i nc rease  apprec iab ly  as t h e  f low rate i n c r e a s e s .  
I f  t h e  p r o p e l l a n t  i s  f u l l y  ionized i n  t h e  d i scha rge ,  t hen  as t h e  flow 
Assume t h a t  a d i scha rge  i s  occur r ing  i n  a vacuum environment 
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r a t e  i s  increased  the  beam power decreases  and t h e  power used t o  
i o n i z e  the  p r o p e l l a n t  i n c r e a s e s .  These two competing p rocesses  
i n d i c a t e  t h a t  t h e r e  w i l l  probably be some mass flow r a t e  a t  which 
t h e  power i n p u t ,  o r  v o l t a g e  drop w i l l  b e  a minimum. It i s  then  
assumed t h a t  t h e  d ischarge  w i l l  encompass enough volume t o  i o n i z e  
p rope l l an t  a t  j u s t  t h i s  c r i t i c a l  r a t e ,  p rovided  enough i s  a v a i l a b l e .  
If more than t h e  "e f f ec t ive"  mass flow r a t e  i s  i n j e c t e d  through t h e  
engine ,  i t  i s  assumed t h a t  t h e  excess  i s  not  i on ized  and,  hence,  
d i f f u s e s  out of t h e  a c c e l e r a t o r  unused. I f  less  than  t h e  " e f f e c t i v e "  
mass flow r a t e  i s  i n j e c t e d  through t h e  e l e c t r o d e s ,  t h e  d i scha rge  w i l l  
a t tempt  t o  e n t r a i n  ambient m a t e r i a l  t o  make up t h e  d e f i c i t .  A con- 
s i d e r a b l e  amount of t h e  a n a l y t i c  e f f o r t  p re sen ted  i n  t h i s  r e p o r t  
r evo lves  around an  a t tempt  t o  compute this "e f fec t ive"  mass flow 
r a t e  and t o  determine t h e  parameters  upon which i t  depends.  
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2 .  PHYSICAL PROCESSES 
A l l  e l e c t r i c  p ropu l s ion  engines r e l y  upon two b a s i c  p rocesses  : 
1. I o n  product ion  
2 .  I o n  a c c e l e r a t i o n  
I n  accomplishing t h e s e  ends ,  c e r t a i n  penal t ies  must be p a i d ,  which are 
u s u a l l y  eva lua ted  i n  t e r m s  o f  p r o p e l l a n t  m a s s  u t i l i z a t i o n  and e l e c t r i c  
power u t i l i z a t i o n .  The axisymmetric H a l l  c u r r e n t  a c c e l e r a t o r ,  o r  MPD 
arc ,accompl ishes  a l l  o f  t h e  t h r e e  p rocesses  mentioned above by means 
of  a dc arc struck hetween electrodes placed  symmetrically i n  a s o l e -  
n o i d a l  magnetic f i e l d .  However, t h e  measurements t h a t  can be made are 
such t h a t  i t  i s  v i r t u a l l y  impossible t o  e v a l u a t e  p r o p e l l a n t  m a s s  u t i -  
l i z a t i o n  and power u t i l i z a t i o n  independently.  Thus, g r e a t  s i m p l i c i t y  
o f  d e s i g n  i s  gained a t  t h e  expense o f  g r e a t  complexity i n  t h e  i n t e r -  
a c t i o n  of  t h e  engine  o p e r a t i n g  mechanisms. 
One of  t h e  f e a t u r e s  o f  t h e  MPD a r c  t h a t  appears most b a f f l i n g  t o  
p h y s i c i s t s  i s  t h e  appa ren t ly  uncor re l a t ed  behavior  of t h e  a r c  c u r r e n t  
and t h e  i o n  f l u x  ra te .  S ince  the e l e c t r o n s  can c a r r y  an apprec i ab le  
f r a c t i o n  of  t h e  a r c  c u r r e n t ,  cons ide rab le  energy from t h e  e l e c t r i c  
f i e l d  i s  t r a n s f e r r e d  i n i t i a l l y  to  t h e  e l e c t r o n  i n t e r n a l  and k i n e t i c  
ene rgy ,  from where i t  can l a t e r  be t r a n s f e r r e d  t o  t h e  i o n s .  This  
a l lows  t h e  i o n s ,  under some c i rcumstances ,  t o  l eave  t h e  engine  wi th  
e n e r g i e s  g r e a t e r  than  they  could achieve  by f a l l i n g  through t h e  poten- 
f i a l  drop o f  t h e  d i scha rge .  The d e t a i l e d  p rocess  by which t h i s  can be 
accomplished w i l l  be d i scussed  i n  t h e  fo l lowing  paragraphs .  
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2 . 1  Ion Product ion 
The momentum conserva t ion  e q u a t i o n s  i n d i c a t e  t h a t  some torque  
and f o r c e  r e a c t i o n  m u s t  occur  on the  engine  (see S e c t i o n  3 ) .  For t h i s  
t o  happen, ions must be produced i n  and e x p e l l e d  from t h e  motor wi th  
a x i a l  and angular v e l o c i t y .  The fewer t h e  i o n s ,  t h e  h igher  t h e  r e s u l t -  
a n t  v e l o c i t i e s  m u s t  be and, consequent ly ,  t h e  beam power must be h i g h e r .  
On t h e  o t h e r  hand, a s  t h e  i o n  product ion and e x p u l s i o n  r a t e  i n c r e a s e s ,  
t h e  power i n  i o n  product ion  becomes very  h i g h ,  hence some i o n  f low r a t e  
must e x i s t  a t  which the  e l e c t r i c a l  power i n t o  t h e  d i s c h a r g e  i s  a mini-  
mum. I f  t h e  a r c  c u r r e n t  i s  he ld  f i x e d ,  t h i s  i m p l i e s  t h a t  t h e  d i s c h a r g e  
seeks a minimum v o l t a g e  mode i n  which t o  o p e r a t e .  The above argument 
then  i n d i c a t e s  t h a t  t h e  a r c  accomplishes t h i s  end by i o n i z i n g  t h e  o p t i -  
mum amount of p r o p e l l a n t  t o  expel1  i n  t h e  exhaust  beam. The key,  t h e n ,  
t o  expla in ing  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  engine l i e s  i n  
determining t h e  optimum i o n  exhaust  r a t e  and i n  understanding t h e  pro-  
d u c t i o n  process  f o r  t h e s e  i o n s  throughout t h e  volume o f  t h e  d i s c h a r g e .  
Previous ly  (Ref. l ) ,  i t  had been concluded t h a t  volume ion -  
i z a t i o n  away from t h e  e l e c t r o d e  s u r f a c e s  could not  account f o r  a l l  of 
t h e  ions produced. A t  t h a t  t i m e ,  i t  w a s  assumed t h a t  t h e  e l e c t r o n  
temperature  was about 10,000 K .  Since then ,  d a t a  on anode h e a t i n g  
have ind ica ted  t h a t  t h e  e l e c t r o n  temperature  may be much h i g h e r ,  e . g . ,  
0 
30,000 - 50,000°K. This  r a i s e s  t h e  p r o b a b i l i t y  of volume i o n  pro-  
duc t ion ,  through e l e c t r o n  atom c o l l i s i o n s ,  t o  v a l u e s  where i t  can 
account f o r  most, i f  no t  a l l ,  of t h e h n s  used i n  t h e  exhaust  beam. 
The atoms a r e  n o t  confined t o  any g r e a t  e x t e n t  by t h e  elec- 
t r i c  d ischarge .  
t h e  same as one would f i n d  f o r  t h e  gas  i s s u i n g  from t h e  o r i f i c e  with 
no d ischarge  p r e s e n t .  The d i s c h a r g e  must now encompass t h i s  gas  and 
a d j u s t  t h e  e l e c t r o n  temperature  and d e n s i t y  throughout i t s  volume so 
a s  t o  i o n i z e  t h e  optimum amount o f  p r o p e l l a n t .  C l e a r l y ,  t o  g e t  good 
p r o p e l l a n t  u t i l i z a t i o n ,  t h e  i n j e c t e d  f low ra te  should be c l o s e  t o  t h e  
i o n  f low r a t e  i n  t h e  beam. However, i n  t h e  i n t e r e s t  o f  o b t a i n i n g  b e s t  
Hence t h e  f low f i e l d  o f  t h e  gas  w i l l  be  s u b s t a n t i a l l y  
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o v e r a l l  e f f i c i e n c y ,  i t  may b e  necessary t o  i n j e c t  s l i g h t l y  more pro- 
p e l l a n t  than  i s  used by t h e  beam. This  would he lp  t o  r e s t r i c t  t h e  
volume o f  t h e  d i s c h a r g e  and perhaps keep t h e  e l e c t r o n  temperature  t o  
lower v a l u e s ,  t h u s  reducing power l o s s  by e l e c t r o n  energy convect ion 
t o  t h e  anode. 
S ince  a vast  m a j o r i t y  o f  a tom-electron c o l l i s i o n s  are e l a s t i c  
c o l l i s i o n s ,  t h e  energy used t o  i o n i z e  one atom must be cons iderably  
g r e a t e r  than  t h e  i o n i z a t i o n  p o t e n t i a l  o f  t h e  atom. The energy d i f f e r -  
ence  i s  t r a n s f e r r e d  i n t o  the  i n t e r n a l  energy of  t h e  atoms and i o n s .  
I f  most o f  t h e  i n j e c t e d  mass i s  e v e n t u a l l y  i o n i z e d ,  t h i s  energy i s  n o t  
los t  b u t  i s  a v a i l a b l e  t o  be  t r a n s f e r r e d  i n t o  beam k i n e t i c  energy by 
e v e n t u a l  expansion througrl t h e  magnetic n o z z l e .  I t  i s  obvious,  o f  
c o u r s e ,  t h a t  t h i s  i n t e r n a l  energy of  t h e  heavy p a r t i c l e s  can  never b e  
h i g h e r  than  t h a t  o f  t h e  e l e c t r o n s .  This  argument i n d i c a t e s  t h a t  t he  
i o n i z a t i o n  process  need n o t  b e  e f f i c i e n t .  However, t h e  number o f  
i n e l a s t i c  c o l l i s i o n s  that  e x c i t e  t h e  e l e c t r o n s  t o  s t a t e s  t h a t  can 
r a d i a t e  should be minimized. This i s  b a s i c a l l y  a problem o f  p r o p e l l a n t  
s e l e c t i o n .  
The e l e c t r o n  i n t e r n a l  energy r e s u l t s  from t h e  e l e c t r o n  c u r r e n t  
p a s s i n g  through t h e  p o t e n t i a l  drop and be ing  randomized by c o l l i s i o n s  
w i t h  heavy p a r t i c l e s .  For t h i s  reason i t  would be expected t h a t  t he  
h i g h e s t  e l e c t r o n  energy would be found i n  t h e  anode s h e a t h ,  a f t e r  t h e  
e l e c t r o n s  have f a l l e n  through most o f  t h e  p o t e n t i a l  d rop .  This  i s  
f o r t u i t o u s ,  s i n c e  i t  i s  p r e c i s e l y  i n  t h i s  r e g i o n  t h a t  the h i g h e s t  pro- 
d u c t i o n  ra te  i s  wanted, t o  l e t  t he  i o n s  g a i n  a maximum o f  k i n e t i c  
energy by f a l l i n g  through t h e  p o t e n t i a l  back toward t h e  cathode jet 
2 . 2  Ion A c c e l e r a t i o n  
mmentum can be t r a n s f e r r e d  t o  t h e  i o n s  from e l e c t r i c  f i e l d s  
o r  from c o l l i s i o n s  w i t h  o t h e r  p a r t i c l e s .  For convenience,  t h e  momentum 
exchange processes  i n  a f u l l y  ionized gas  through which an e l e c t r i c  d i s -  
charge i s  pass ing  s h a l l  be discussed.  
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Local ly ,  t h e  f o r c e  on each ion  i s  given by t h e  fo l lowing  
express ions :  
Axial  : 
Radia l  : 
Azimuthal : 
T 
If  an e l e c t r i c  d i scha rge  i s  e s t a b l i s h e d  i n  a uniform a x i a l  
magnetic f i e l d  we s h a l l  c a l l  t h e  r eg ion  where t h e  c u r r e n t  f lows down- 
s t ream t h e  anode shea th  and t h e  r eg ion  where i t  flows upstream t h e  
cathode j e t .  If a cathode of  maximum diameter  R i s  surrounded by an 
anode r i n g  of diameter  R 
C 
(RA > R ) we ask t h e  ques t ions :  A C 
1. Does the cathode j e t  expand o u t  t o  m e e t  t h e  anode shea th?  
2 .  Does the  anode shea th  c o n t r a c t  i n  diameter  t o  m e e t  the 
cathode j e t ?  
3 .  Do both (1) and (2)  occur  s imul taneous ly?  
Consider f i r s t  t h e  cathode j e t .  I f  t h e  cathode j e t  i s  to  
expand outward, conserva t ion  o f  momentum s t a t e s  t h a t  t h e  a x i a l  momentum 
o f  t he  j e t  m u s t  i n c r e a s e  and t h e  r o t a t i o n a l  momentum of  t h e  j e t  must 
i n c r e a s e .  However, the l o c a l  (E + v x B) a x i a l  and t a n g e n t i a l  e l e c t r i c  
f i e l d s  are both i n  t h e  wrong d i r e c t i o n  t o  a c c e l e r a t e  t h e  i o n s  and t h e  
mementum must hence be  t r a n s f e r r e d  to  them by e l e c t r o n  c o l l i s i o n s .  
T h i s  i s  a highly d i s s i p a t i v e  p rocess ,  r e s u l t i n g  i n  s t rong  hea t ing  of 
t h e  e l e c t r o n s .  This i n c r e a s e s  t h e  r a t e s  o f  en t ropy  product ion  over  
t h a t  caused by i o n - e l e c t r o n  d rag  i n  a pu re ly  d i s s i p a t i v e  plasma (no 
body f o r c e ) .  
I n  t h e  anode j e t  the s i t u a t i o n  i s  q u i t e  d i f f e r e n t .  Both 
E and u B a r e  i n  t h e  p o s i t i v e  z d i r e c t i o n ,  t hus  he lp ing  t o  acce l -  
e r a t e  t h e  ions a x i a l l y .  The only  d i s s i p a t i v e  o r  en t ropy  producing 
Z I O  
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Process  i s  t h a t  a s s o c i a t e d  with t h e  e l e c t r o n - i o n  d rag .  S i m i l a r l y ,  i n  
t h e  aximuthal d i r e c t i o n  t h e  l o c a l  e l e c t r i c  f i e l d  u B a i d s  t h e  H a l l  I z  
c u r r e n t s  i n  sp inning  up t h e  ions .  This a l lows  t h e  H a l l  c u r r e n t s  t o  be 
smaller and thus  d i s s i p a t e  less energy i n  sp inning  up t h e  gas t o  t h e  
r e q u i r e d  v e l o c i t y .  
d i s c h a r g e  t ends  t o  o p e r a t e  a t  a minimum p o t e n t i a l ,  then  t h e  c u r r e n t  
i n  t h e  anode shea th  would tend to move inward t o  m e e t  t h e  cathode j e t ,  
rather than v ice  versa. 
These r a t h e r  c rude  arguments i n d i c a t e  t h a t  i f  t he  
Fur the r  s t r e n g t h  i s  l e n t  t o  t h i s  argument when t h e  r a d i a l  
f o r c e  ba lance  on t h e  anode shea th  i s  i n v e s t i g a t e d .  Assuming t h a t  no 
n e t  r a d i a l  f o r c e  can e x i s t  on t h e  anode s h e a t h  as a whole, an i n t e g r a l  
o f  t h e  r a d i a l  momentum equa t ion  g i v e s  the  fo l lowing  r e l a t i o n :  
Po - Pi J. J B d r  - J- Jz B e  d r  e 2  
J ’J  B d r  = - 2 + (Pi - Po) 
8n R , e z  
where p - pi = the p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  shea th .  
0 
R = average r a d i u s  of the anode s h e a t h .  
This  equa t ion  i n d i c a t e s  t h a t  Hal l  c u r r e n t s  must e x i s t  i n  t h e  anode 
s h e a t h  f o r  i t  t o  ma in ta in  i t s  r a d i a l  equ i l ib r ium.  The H a l l  c u r r e n t s  
can  be  induced, however, on ly  i f  t h e  anode s h e a t h  moves r a d i a l l y  
inward a c r o s s  t h e  magnetic f i e l d  l i n e s ,  i . e . ,  
From t n e  above d i s c u s s i o n s  we p o s t u l a t e  a model f o r  t h e  
a c c e l e r a t o r  a s  fo l lows  when i t  i s  o p e r a t i n g  i n  a magnetic f i e l d  t h a t  
i s  i n i t i a l l y  pu re ly  a x i a l  and then ,a t  some d i s t a n c e  ( z  > L) downstream, 
i s  made t o  d ive rge .  
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1. A uniform diameter  cathode j e t  i s  e s t a b l i s h e d  which c a r r i e s  
only a small  f r a c t i o n  o t  t h e  i n j e c t e d  mass flow rate .  
2 .  An annulus of plasma i s  e s t a b l i s h e d  o f f  of  t h e  anode f a c e .  
The i n j e c t e d  mass i s  accumulated w i t h i n  t h i s  annulus .  A l l  
oi t h e  d i scha rge  c u r r e n t  pas ses  through t h e  annulus.  
3 .  The average r a d i u s  of  t h i s  anode shea th  d e c r e a s e s  downstream. 
This causes  t h e  i o n s  i n  t h e  s h e a t h  t o  be a c c e l e r a t e d  
s l i g h t l y  i n  t h e  a x i a l  d i r e c t i o n  and t o  be spun up t o  h igh  
azimuthal v e l o c i t i e s .  The e l e c t r o n s  a r e  s imul taneous ly  
hea ted ,  mainly by t h e  i o n - e l e c t r o n  d rag  i n  t h e  az imutha l  
d i r e c t i o n ,  where t h e  azimuthal e l e c t r o n  motion i s  h e l p i n g  
t o  s p i n  up t h e  ions .  
4.  The anode shea th  e v e n t u a l l y  meets t he  ca thode  j e t  a t  z = L 
and t h e  c u r r e n t  pa th  i s  completed. No d i s c h a r g e  c u r r e n t  
flows a t  a x i a l  p o s i t i o n s  beyond t h i s  p o i n t .  
5.  A t  p o s i t i o n s  o t  z > L,  t n e  magnetic f i e l d  a c t s  l i k e  a 
magnetic nozz le .  A s  t h e  f i e l d  d i v e r g e s  t h e  i o n s  a r e  a c c e l -  
e r a t e d  a x i a l l y  by two processes :  
a .  Conversion of angular  momentum r e q u i r e s  t h a t  as t h e  
j e t  r a d i u s  i n c r e a s e s ,  r o t a t i o n a l  i o n  energy must be 
t r a n s f e r r e d  t o  a x i a l  and r a d i a l  k i n e t i c  energy. 
b .  The h igh  energy e l e c t r o n s  tend t o  expand o u t  of  t h e  
nozz le  ahead of  t h e  i o n s ,  t hus  s e t t i n g  up a p o s i t i v e  
a x i a l  e l e c t r i c  f i e l d  t h a t  a c c e l e r a t e s  t he  i o n s .  I n  
t h i s  manner, a l l  of  t h e  energy of  t h e  p a r t i c l e s  i n  t h e  
beam can be converted i n t o  t h e  k i n e t i c  energy of  t h e  
i o n s .  Obviously,  some oi t h i s  energy w i l l  r e s i d e  i n  
t h e  r a d i a l  motion wi th  t h e  r e s u l t  t h a t  t h e  expansion 
w i l l  n o t  be 100 pe rcen t  e f f i c i e n t .  
An a t tempt  t o  ana lyze  t h e  "heating" ( cons t an t  magnetic f i e l d )  
r eg ion  of  such a dev ice  i s  made i n  Sec t ion  4 of  t h i s  r e p o r t .  
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3 .  INTEGRALS OF THE MOMENTUM EQUATIONS 
There a r e  a few c a s e s  where t h e  n e t  e lec t romagnet ic  f o r c e  i n  an 
axisymmetric body can be computed wi thout  d e t a i l e d  knowledge o f  t h e  
d i s t r i b u t i o n s  o f  c u r r e n t  and magnetic f i e l d .  I n  t h e  g e n e r a l  case,  t h e  
momentum e q u a t i o n s  must be  i n t e g r a t e d  s imultaneously wi th  c o n t i n u i t y ,  
energy ,  Ohm's l a w s ,  Maxwell 's equa t ions  and t h e  e q u a t i o n s  o f  s ta te .  
The cases chosen here a r e  such t h a t  t h e  in tegrand  ( f o r c e  per  u n i t  
volume) can be put  i n t o  t h e  form o f  a d ivergence ,  by us ing  Maxwell 's 
e q u a t i o n s  and s i m p l i f i e d  momentum equat ions .  These f o r c e s  can  be 
i n t e g r a t e d  i n  terms o f  t o t a l  c u r r e n t ,  r a d i u s ,  and appl ied  magnetic 
f i e l d .  
3 . 1  P r e s s u r e  Due t o  J B Pinch z e  
Here t h e  average pressure  on t h e  cathode i s  computed i n  
terms o f  t h e  c u r r e n t  and r a d i u s  o f  a t tachment .  The e q u a t i o n s  used 
are a momentum equat ion  
a n  i n d u c t i o n  e q u a t i o n  
a t o t a l  c u r r e n  
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p(r=R) = p 
0 
1 d  - -(rB8) = PoJzy r d r  
, 
i n t e g r a l  
R 
I =s J,(r) 2nr d r  , 
0 
B ( r = O )  = O  0 
3-1 
Y 
and a d e f i n i t i o n  o f  average p r e s s u r e  
Combining t h e  above r e l a t i o n s ,  i t  fo l lows  t h a t  independent 
o f  t h e  d i s t r i b u t i o n  o f  Jz,  t h e  average cathode p r e s s u r e  i s  given by: 
2 
U I  
' 0  
Pa, = Po + 2 2  8n R 
(5) 
The p r e s s u r e  given by E q .  5 w i l l  a c t  on t h e  cathode t o  g i v e  
2 
a t h r u s t .  This t h r u s t  f o r c e  i s  given by 1~. I /8rr and i s  independent 
o f  t h e  d i s t r i b u t i o n  of  t h e  c u r r e n t  d e n s i t y  a t  t h e  ca thode ,  and o f  t h e  
s i z e  o f  t h e  cathode at tachment .  
0 
3 .2  Thrust Due to  J r B e  Pumping 
The amount o f  t h r u s t  i n  an a x i a l l y  symmetric volume due t o  
r a d i a l  c u r r e n t s  and induced azimuthal  magnetic f i e l d  can be  eva lua ted  
i n  terms o f  t h e  magnetic f i e l d  d i s t r i b u t i o n  a t  t h e  boundaries .  Th i s ,  
i n  t u r n  can b e  eva lua ted  from t h e  t o t a l  c u r r e n t s .  The fo l lowing  
r e l a t i o n s  a r e  used: 
aB e 
a2 - 1J.o Jr 
- -  - 
From Eq .7 i t  fo  1 lows t h a t  
54 70 -F ina l  3-2 
(7) 
B can be found by i n t e g r a t i n g  (Eq. 6 )  e 
r 
. n  
d s  ( 9 )  
Equation 8 shows that t h r u s t  can  be eva lua ted  i n  terms of  
magnetic f i e l d  and Eq. 9 shows t h a t  magnetic f i e l d  depends on ly  upon 
a x i a l  c u r r e n t .  I f :  
A 
a) Current  l e a v e s  c y l i n d r i c a l  anode o f  r a d i u s  R 
b) c u r r e n t  e n t e r s  c i r c u l a r  ca thode  of  r a d i u s  R w i t h  
C 
uniform c u r r e n t  d e n s i t y  
t h e n  
2 
I 1 RA Thrus t  = - (z + I n  R/ 
C 
4n 
3 . 3  Torque Due t o  (r J-B- - r J-B-) 
I n  an a x i a l l y  symmetric volume w i t h  r a d i a l  and axial  c u r r e n t s  
and magnetic f i e l d s ,  t h e r e  w i l l  be a to rque  which o c c u r s  when t h e  cu r -  
r e n t  c r o s s e s  t h e  magnetic f i e l d .  To e v a l u a t e  t h i s  t o rque ,  i n t r o d u c e  
t h e  v e c t o r  p o t e n t i a l  A e *  
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The q u a n t i t y  ( r  A ) i s  cons tan t  
torque per  u n i t  volume i s  given 
0 
- r J z B r  - r J r B z  - - 
For t h e  a x i a l l y  symmetric c a s e ,  
a long a magnetic f i e l d  l i n e .  The 
by :  
a ( r  A ~ )  a ( ;zAOq 
(12) 
J 
Jr ar + Jz 
a (r 
= 0 ,  hence 
a0 
- 
= - V (r A0 J) 
where V . J = 0 h a s  been used. Upon i n t e g r a t i o n  over  a volume R of  
s u r f a c e  S ,  outward normal n ,  
- 
( torque)  d (vol)  =s ( - r  AO) (5 . n) dS 
R s S 
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a (r anode a (1. 
d: 32 d r  + = I J  [ ar 
c a t  hod e 
F i n a l l y  f o r  a po in t  cathode,  and an average a x i a l  f i e l d  B through a 
c i r c u l a r  anode of  r a d i u s  R 
Z 
A' 
(1 6 )  
i 2 Torque = - B I RA 2 
3.4 Max Thrust  Due t o  JOBr 
I n  an a x i a l l y  symmetric volume where J i s  induced (by the  8 
H a l l  e f f e c t ) ,  the  amount o f  a x i a l  f o r c e  cannot  be l a r g e r  than  f o r  t h e  
case  of a completely diamagnetic plasma. I n  t h i s  l i m i t i n g  c a s e ,  the  
J l i e s  completely i n  t h e  su r face  o f  the  volume, and no magnetic 
f i e l d s  e x i s t  i n s i d e  t h e  volume. Compute the  c u r r e n t s  and magnetic 
f i e l d  a s  fo l lows .  
t o  e x t e r n a l  magnets and B i s  t h e  f i e l d  due t o  induced c u r r e n t s  
w i t h i n  t h e  volume. 
B1 = V Y ,  where Y i s  a s c a l a r  f i e l d .  
0 
L e t  B = B + B1 where B 0 0 i s  t h e  appl ied  f i e l d  due 
1 
Outs ide  o f  the p l a sma ,  V x B1 i s  z e r o ,  hence 
Since V . B1 = 0 ,  then  
2 
V Y = 0 (outs ide  o f  plasma) 
- -  
Since  B e n = 0 a t  t h e  plasma sur face  
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- . n (at  plasma su r face )  
3-5 
Solve Laplace Eq. 1 7  w i th  boundary c o n d i t i o n  Eq. 18. 
given by 
The f o r c e  i s  
where Ti i s  an outward normal and S i s  t h e  s u r f a c e  a r e a  of t h e  plasma. 
The same r e s u l t  can be obta ined  by t h e  fo l lowing  method. 
Here w e  s h a l l  a t t e m p t  t o  so lve  f o r  t h e  s u r f a c e  J 0 d i s t r i b u t i o n  f o r  a 
p a r t i c u l a r  plasma conf igu ra t ion  shown i n  F i g .  3-1. We use a 0-Ohm's 
l a w  (where Ye i s  t h e  H a l l  parameter f o r  e l e c t r o n s ) .  
and t h e  induct ion  equat ions  





does not  depend upon magnetic 
W e  assume J 
6-l I n  Eq. 1 9 ,  t h e  c o e f f i c i e n t  
f i e l d ,  s i n c e  Ye i s  p ropor t iona l  t o  1 B I. 
based upon v i s u a l  obse rva t ions  of t h e  o p e r a t i o n  of t h e  a c c e l e r a t o r .  
It appears  t h a t  Jr = 0 ,  and Jz = t o t a l  c u r r e n t  d iv ided  by c r o s s  sec-  
t i o n a l  a r e a  of t h e  anode j e t  (2fiR 6 ) .  Thus E q .  19 becomes 
a 
and J r a r e  known, 
Z 
From Eq. 2 1  we s e e  t h a t  Br (and not  B ) i s  important  f o r  
W e  can  use t h e  i n t e g r a l  s o l u t i o n  of Eqs. 20-a and 
z 
c a l c u l a t i n g  J 
20-b which assumes no magnetic m a t e r i a l  i s  p r e s e n t :  
0' 
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FIG. 3-1 MODELS FOR INDUCED FIELD ANALYSIS 




r s ( z - t )  cos@ do 
G ( r ,  s ;  z - t )  E 
When applying Eq. 22,  w e  u s e  Eq. 2 1  f o r  t h e  v a l u e  of J 
of t h e  anode j e t ,  and t h e  known J i n  t h e  e lec t romagnet .  Thus, Eq. 2 1  
becomes : 
i n  t h e  r eg ion  6 
8 
I 
i ( s , t )  d s  d t  8 , H a l l  I' JJ G ( r , s , z - t ) J  anode j e t  
Eq. 23 i s  an i n t e g r a l  equat ion  f o r  t h e  H a l l  c u r r e n t  i n  t h e  anode j e t .  
Exact s o l u t i o n s  a r e  not  a v a i l a b l e  f o r  Eq. 23. An approximate 
s o l u t i o n  has  been obtained by lumping t h e  d i s t r i b u t e d  H a l l  c u r r e n t s  Je 
i n t o  concent ra ted  c u r r e n t s .  W e  w i l l  r e f e r  t o  t h i s  technique as t h e  
w i r e  model. The H a l l  c u r r e n t s  are r ep laced  approximately by hoop cu r -  
r e n t s  i n  a s e t  of w i r e s .  The e r r o r  of t h e  lumping has been e s t ima ted ,  
by changing the number of wires per  u n i t  l eng th  of t h e  anode j e t ,  and 
shown t o  be  small .  
The s o l u t i o n  found w a s  f o r  i n f i n i t e  c o n d u c t i v i t y ,  o r  more 
p r e c i s e l y  h - w  where 








































TO so lve  t h e  w i r e  model, concen t r a t e  t h e  c u r r e n t  d e n s i t y  
i n t o  a set of w i r e s  ( s ee  F ig .  3 - 1 ) .  Thus, t h e  w i r e  f o r  t h e  e l e c t r o -  
magnet c o i l  has  a c u r r e n t  I where I i s  equa l  t o  the  number of t u r n s  
t i m e s  t h e  c u r r e n t  i n  one conductor.  The w i r e s  which c a r r y  t h e  H a l l  
c u r r e n t s  i n  t h e  anode j e t  c a r r y  a c u r r e n t  of J 6 .  The 
i n t e g r a l  Eq. 23 i s  thus  replaced by a set  of s imultaneous a l g e b r a i c  
equa t ions .  I n  t h e  i n f i n i t e  h case ,  which corresponds t o  i n f i n i t e  
c o n d u c t i v i t y ,  B = 0. Thus,@ ) = 0, where j s t a n d s  f o r  one of t h e  
p o i n t s  shown i n  t h e  w i r e  model of F ig .  3-1. 
C Y  C 
8, H a l l  
r r j  
i=l 
Some s o l u t i o n s  of E q .  25 are shown i n  F ig .  3 - 2 .  The Kernel 
f u n c t i o n  G def ined  i n  Eq. 22 can b e  computed i n  t e r m s  of e l l i p t i c  
i n t e g r a l s .  
( 2 6 )  
2 r s t  (2-k2) E(k) - 2(1-k2) K(k) 
k ( 1 - k2)  2 273 / 2 G ( r , s ; t )  = [r+sl2 + t i 
2 2 1  r where E and K are e l l i p t i c  integrals and k2 = 4rs/] (r+s) + t I. To - -J 
s i m p l i f y  t h e  computat ions,  a func t ion  G based upon a f l a t  geom- 
e t r y  w a s  used 
p l ana r  
2 4r st  
j (r-s)’ + t ; j (,+SI2 + t 2 1  r 2? 
(r ,s; t)  = c Gplanar  
This i s  a good approximation t o  t h e  Kernel f u n c t i o n  nea r  t h e  c o i l .  
The e lec t romagnet ic  t h r u s t  can  be computed e i t h e r  from t h e  
i n t e g r a l  of t h e  J B f o r c e s  i n  the j e t  o r  by t h e  r e a c t i o n  on t h e  c o i l .  
O r  
c o i l  anode j e t  
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FIG. 3-2 COMPUTED HALL WIRE CURRENTS AND THRUSTS 




















For t h e  example of F i g .  3-1 ,  the i n t e g r a t i o n  was made over t h e  c o i l .  
The t h r u s t  i s  approximately 80 percent  of t h e  product  of t h e  c r o s s -  
s e c t i o n  area of t h e  anode jet t i m e s  t h e  magnetic p r e s s u r e  which would 
e x i s t  a long  t h e  c e n t e r l i n e  i f  t h e r e  w e r e  no H a l l  c u r r e n t s .  This  i s  
probably a n  upper l i m i t  of t h e  poss ib l e  t h r u s t .  
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4 .  ANALYTIC MODELS 
The energy exchange and thrust-producing mechanisms i n  t h e  anode 
j e t  a r e  d iscussed  i n  t h e  fol lowing paragraphs.  The anode j e t  i s  t h a t  
r eg ion  downstream from the  anode o f  a Ha l l  c u r r e n t  a c c e l e r a t o r  (which 
o f t e n  appears  luminous),  i n  which the  c u r r e n t  i s  conducted and t h e  
plasma a c c e l e r a t e d .  The anode j e t  ends when i t  d i f u s e s  i n t o  t h e  cathode 
j e t .  
Figure 4-1 is a ske tch  o f  the v a r i a b l e s  and shape of t h e  anode 
j e t  which s t a r t s  a t  r ad ius  R , and has  r ad ius  R.(s). The j e t  has  t h i c k -  
nes s  6 ( s ) .  The c u r r e n t  d e n s i t y  along t h e  j e t  i s  J = -I/2n R.  6 and the  
m a s s  f l u x  pw = m/2v R .  6 .  The azimuthal c u r r e n t  w i l l  be c a l l e d  J and 
t h e  v e l o c i t y  V 
0 J 
S J 
S J 8 
6 '  
Assumptions. 
Here a model i s  proposed and analyzed which t h e  au tho r  b e l i e v e s  
inco rpora t e s  t h e  dominant f e a t u r e s  of  t h i s  zone. There were many 
assumptions made, which a r e  summarized he re :  
1. There is  a j e t  and t h e  m a s s  and c u r r e n t  flow along t h i s  j e t .  
It i s  annular  i n  shape. Azimuthal c u r r e n t s  and v e l o c i t i e s  
a l s o  e x i s t .  The th ickness  of  t h e  annu la r  region i s  s m a l l  
compared t o  i t s  mean rad ius .  
2. The app l i ed  magnetic f i e l d  i s  pu re ly  a x i a l .  I n  a t y p i c a l  
a c c e l e r a t o r  f r i n g i n g  of t h e  app l i ed  magnetic f i e l d  produces 
r a d i a l  components. I n  t h i s  a n a l y s i s  t he  f i e l d  i s  a x i a l  and 
the  anode j e t  decreases  i n  r ad ius .  
3 .  There a r e  two major energy s inks .  The e l e c t r o n s ,  which flow 
back toward t h e  anode, a r e  hea ted .  The i o n s ,  which f low 
away from the  anode a re  g iven  k i n e t i c  energy i n  the  form of  
azimuthal  v e l o c i t y .  Ion iza t ion  i s  no t  inc luded ,  s i n c e  i t  i s  





FIG. 4-1 ANODE JET COORDINATES 
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assumed to  occur near  the  anode and no t  i n  the  i d e a l i z e d  jet .  
The energy f o r  i on iza t ion  comes from the  hea ted  e l e c t r o n s  
which leave the j e t  near  the  anode end. I n t e r n a l  energy of 
ions leav ing  the  end of t he  j e t  i s  ineg lec t ed .  The j e t  i s  
f u l l y  ionized.  
4. It i s  assumed t h e r e  is no mass entrainment .  I n  a H a l l  
a c c e l e r a t o r  mass a d d i t i o n  t o  the  annular  anode j e t  can come 
from t h e  i n s i d e  (gas  feed a r r i v i n g  a t  j e t )  o r  o u t s i d e  (en- 
t ra inment  of ambient g a s ) .  This a n a l y s i s  a p p l i e s  t o  an anode- 
feed device i n  a hard vacuum. 
5. I n  the  a n a l y s i s  which fo l lows ,  s e v e r a l  minimum p r i n c i p l e s  
have been used. These a r e  based upon the  idea  t h a t  c u r r e n t s  
a d j u s t  t o  m i n i m i z e  d i s s i p a t i o n .  A siiiiilar hypothesis lias 
proved t o  be of great va lue  i n  developing the  theo ry  of 
convent ional  a r c s .  Since t h i s  h a s  not been proved f o r  t h e  
case  where s t rong  magnetic f i e l d s  e x i s t  throughout t h e  d i s -  
charge,  t h i s  minimum p r i n c i p l e  w i l l  be t r e a t e d  as an assump- 
t ion .  
4 .1  Di s s ipa t ion  
Di s s ipa t ion  i s  a randomization of energy which occurs  w i t h  
c o l l i s i o n s .  E lec t rons  p ick  up energy from the  e l e c t r i c  f i e l d  between 
c o l l i s i o n s .  P a r t  of t h i s  energy is  randomized, the  rest going t o  
d i r e c t e d  k i n e t i c  energy. The d i s s i p a t i o n  ( p a r t  randomized) p e r  u n i t  
~~ 
2 2 
volume i s  (J + Je )/o. 
S 
The j e t  cu r ren t  J can be found from the  t o t a l  c u r r e n t .  
S 
The azimuthal  cu r ren t  
Je - 
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- I/2n R. 6 
J 
i s  found from the  azimuthal  ohm's l a w  
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dR dR 
s ds It fo l lows  from t h e  assumed model t h a t  Jr  = Js ds and u = w A. 
The r a t i o  of mass flow t o  c u r r e n t  Y = bI ne W s / J s  = h/maI. Hence 
- 1 - Y  5 
a 's ds Je - Y 
I n t e g r a t e  the  d i s s i p a t i o n  over  the  c r o s s  s e c t i o n .  
2 2 
CJ J (2n R 610 J 
2 
JS + Je 217 R . 6  = I2 +[(?)I3 Ws > ] ( 2 ~  R .  &)a (4) 
j 
Of t h e  two terms,  the  f i r s t  i s  l a r g e , i f  t h e  j e t  i s  t h i n  and 
of low conduct iv i ty ,and  the second i s  smal l .  On t h e  o t h e r  hand, i f  
t h e  j e t  i s  t h i c k a n d  of high c o n d u c t i v i t y ,  t h e  f i r s t  i s  small and t h e  
second l a rge .  I f  we vary  the  th i ckness -conduc t iv i ty  product  t o  mini-  
mize t h i s ,  the d i s s i p a t i o n  pe r  u n i t  l ength  i s  g iven  by 
A n 
dR 
I 's d s  
L L 
i 1 - Y  2n R .  6 = -2 -Js + Je a J Y (5) 
The tern i s  p o s i t i v e  s i n c e  d R / d s  i s  nega t ive ,  The e l e c t r o n  i n t e r n a l  
energy equat ion  i s  
2 2 
2n R 6 d Js + Je 2n R 6 ne (We)s ds (t k Te)  = a 
Here the  e l e c t r o n  v e l o c i t y  a long the  j e t  can be g iven  i n  terms of the  
c u r r e n t  
ne (We)s = ne (Wr)s - J = - 1(1 - Y)/2n R .  6 
S J (7 )  
The r e s u l t i n g  e l e c t r o n  energy equat ion  can be i n t e g r a t e d  (W = cons t )  









































If the  temperature of the e l e c t r o n s  e n t e r i n g  the  j e t  is neg lec t ed ,  t h e  
e l e c t r o n  temperature  i n  the v i c i n i t y  of t he  anode i s  given by 
4.2 Azimuthal K ine t i c  Energy 
Since i t  is  assumed t h a t  t he  anode j e t  i s  f u l l y  ion ized ,  a l l  
k i n e t i c  energy is  i n  the  ions .  The azimuthal  momentum equa t ion ,  i n t e -  
g ra t ed  over the  c ros s  s e c t i o n  i s  
I \ dR . 
‘8 / d s  
T h i s  s t a t e s  t h a t  t h e  r a t e  of change of angular  momentum i s  due t o  t h e  
r a t e  of c u r r e n t  c ros s ing  t h e  appl ied  B f i e l d  (assumed a x i a l ) .  
equa t ion  i s  i n t e g r a t e d  t o  g ive  
T h i s  
B I [Ro 2 2 1  - R.  (s), 
v,<s) = 2 R . ( s )  
J 
The t o t a l  power i n  azimuthal k i n e t i c  energy i s  t h u s  given by 
J 
O f  t h i s  energy,  p a r t  comes d i r e c t l y  t o  t h e  ions from t h e  e l e c t r i c  f i e l d  
and p a r t  from the  e l e c t r o n s  due t o  c o l l i s i o n s .  It i s  t h i s  t r a n s f e r  from 
the  e l e c t r o n s  i n  the  azimuthal d i r e c t i o n  which may a l low t h e  ions  t o  
p i c k  up more energy than they get by simply f a l l i n g  through the  poten- 
t i a l  drop. The volume r a t e  of  energy t r a n s f e r  is  equal  t o  t h e  ion 
v e l o c i t y  t imes the  drag f o r c e .  The drag f o r c e  comes from a d i f f e r e n t  
azimuthal  v e l o c i t y  f o r  e l e c t r o n s  and ions and i s  given i n  terms of cu r -  
r e n t s  and conduc t iv i ty .  
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(-)el ne Je)  
Vo - (azimuthal  drag)  = Ve 
0 
Use the  azimuthal ohm's law (Eq. 3)  f o r  Je, E q .  11 f o r  V,, t hen  i n t e -  
g r a t e  over  the volume. That p a r t  o f  t he  t o t a l  power i n  az imutha l  
k i n e t i c  energy which i s  t r a n s f e r r e d  by the  e l e c t r o n s  is  g iven  by 
4.3 Power Balance 
We can  combine t h e  above express ions  t o  g e t  an o v e r a l l  power 
balance and a power balance f o r  e l e c t r o n s .  The e l e c t r o n s  e n t e r  t he  
anode- ioniza t ion  reg ion  w i t h  a temperature g iven  by Eq. 9 .  They c a r r y  
an  energy of  - k T e ,  a t  a r a t e  o f  I/bI. 
p a t e d ,  IVY goes to  e l e c t r o n  energy a t  anode and ion  energy i n  az imutha l  
k i n e t i c  energy, we have 
5 
2 Since t h e  t o t a l  power d i s s i -  
The energy given t o  e l e c t r o n s ,  (1 - '?)IVY s u p p l i e s  t h e  e l e c t r o n  energy 
and p a r t  of  the ion k i n e t i c  energy 
s ion  
I n  Eqs. 15 and 16 ,  t he  c u r r e n t  cance l s  o u t  and t h e  two expres-  
f o r  the vo l t age  can be equated. This determines R . Unfortun- 
j 
a t e l y ,  t h e  r e s u l t i n g  equat ion  cannot be solved e x p l i c i t l y ,  so va lues  
must be computed numerical ly .  I f  t he  r e s u l t i n g  va lue  o f  R i s  p u t  i n  






















(Ma W / b /  B R) .  
V* = 9 bl V/16000 k TA is  p lo ted  versus  Y’ f o r  s e v e r a l  va lues  o f  A = 
80 ma W / 3  lei B 
anode. 
These da t a  a r e  presented i n  F igs  4-2a and 4-2b where 
R . W is  taken t o  be t h e  thermal  v e l o c i t y  nea r  t he  
S 0 S 
4 . 4  Acce le ra to r  Performance 
It is  seen from Fig.  4-2 t h a t  vk posses ses  a minimum, shown 
by t h e  dashed l i n e .  It i s  l i k e l y  t h a t  t h e  anode j e t  w i l l  choose a 
m a s s  f l u x  t o  minimize the  vol tage.  T h i s  g ives  a Y (and a l s o  R . )  as a 
f u n c t i o n  o f  A ( t o  minimize V).  
a t  t h e  e x i t  of  t h e  cathode j e t  can  be found as a f u n c t i o n  of  A. 
J 
Hence, t h e  v e l o c i t y ,  Ve, o f  t h e  ions 
The t h r u s t  can be found from Ve by assuming t h a t  a l l  o f  t he  
ion  energy i s  converted t o  t h r u s t  through a magnetic nozzle .  I f  w e  
n e g l e c t  nozz le  e f f i c i e n c y ,  
2 2 B I (Ro - R.) 
= T (A) - 2 R  T = & V e  
j 
T h i s  is  shown on Fig.  4-3. A crude approximation of  t h i s  curve i s  
T’Tmax = A. Th i s  approximation g ives  
m W  
T (5 $) I, 
(17) 
which p r e d i c t s  t h a t  t h e  t h r u s t  depends l i n e a r l y  upon c u r r e n t  and i s  
independent o f  t h e  magnetic f i e l d .  
Conclus ion.  
I f  the  proposed model i s  v a l i d ,  t h e  t h r u s t  i s  produced i n  
t h e  anode j e t  (not  cathode j e t ) ,  and energy is  t r a n s f e r r e d  from t h e  
f i e l d s  t o  t h e  e l e c t r o n s ,  t hen  to  the  ions .  Thrus t  is  n e a r l y  inde-  
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FIG.  4 - 2 a  VOLTAGE VERSUS MASS FLOW TO CURRENT RATIO 
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4 - 3  RATIO OF THRUST TO MAXIMUM THRUST, T/TM 
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5. EXPERIMENTAL EQUIPMENT 
5 . 1  Vacuum F a c i l i t i e s  
T e s t s  w e r e  conducted i n  two  tanks.  The a l k a l i  metal exper i -  
a specia l  f a c i l i t y ,  built especia1l.r fer such iiieiits w e r e  condacted i: - - J  
-4 t e s t s .  I n  t h i s  tank  i t  was p o s s i b l e  t o  o b t a i n  tank  p r e s s u r e s  o f  10 mm 
d u r i n g  t h e  t e s t  by w a t e r  cool ing the  tank w a l l s  and u s i n g  d i f f u s i o n  
pumps. Tests w i t h  t h e  gaseous p r o p e l l a n t s  w e r e  conducted i n  a s tandard  
3 f o o t  by 5 f o o t  tank  t h a t  w a s  water cooled .  The mechanical vacuum 
pumps had a maximum c a p a c i t y  of 5000 cfm and hence could o n l y  main ta in  
ambient tank p r e s s u r e  o f  20 t o  1 8 0 ~  dur ing  t h e  tes ts  r e p o r t e d .  
The gas  f low rate  w a s  measured by u s i n g  c a l i b r a t e d  s o n i c  
o r i f i c e s .  These had an i n h e r e n t  accuracy o f  b e t t e r  than  f 3 p e r c e n t  
w i t h  t h e  p r e s s u r e  gauges which w e r e  used.  
5 .2  Feed Systems 
Two types  o f  feed systems w e r e  used w i t h  t h e  a l k a l i  m e t a l s .  
A vapor feed system was used i n i t i a l l y  and a t t e m p t s  w e r e  made t o  
de te rmine  t h e  mass flow ra te  by measuring t h e  l i q u i d  temperature  i n  
t h e  b o i l e r .  The f low ra te  w a s  c o n t r o l l e d  by pass ing  t h e  vapor through 
a sonic  o r i f i c e  which w a s  maintained a t  a temperature  h igher  than  t h a t  
o f  t h e  l i q u i d .  Because of  t h e  extreme s e n s i t i v i t y  o f  t h e  vapor pres -  
s u r e  t o  s m a l l  changes i n  t h e  temperature o f  t h e  l i q u i d  i t  w a s  n o t  
p o s s i b l e  t o  o b t a i n  a c c u r a t e  flow r a t e  d a t a  us ing  t h i s  b o i l e r .  A 
l i q u i d  feed system w a s  used t o  o b t a i n  t h e  d a t a  on sodium r e p o r t e d  i n  
S e c t i o n  6 .  A f u l l  d e s c r i p t i o n  of t h e  feed system can be  found i n  
Ref.  2 .  
The t h r u s t  was measured u s i n g  t h r u s t  ba lances  developed 
p r e v i o u s l y  (see Refs.  1 and 2)  -A d i s c u s s i o n  o f  t h e  c a l i b r a t i o n  and 
probable  e r r o r s  of  such a t h r u s t  measuring device i s  g iven  below. 
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5 . 3  Thrust  Stand C a l i b r a t i o n  f o r  a H a l l  Curren t  A c c e l e r a t o r  
The complete i n v e s t i g a t i o n  of  H a l l  c u r r e n t  a c c e l e r a t i n g  
mechanisms might make necessary  t h e  measurement o f  l o c a l  v a l u e s  o f  
momentum f l u x  o r  v e l o c i t y ,  a s  w e l l  as t h e  i n d i v i d u a l  r e a c t i o n s  on t h e  
magnet and e l e c t r o d e s .  However, t h e  much more r e l i a b l y  measurable 
t o t a l  momentum i n p u t  t o  t h e  exhaust  stream o f  a p r o p u l s i o n  d e v i c e  pro-  
v i d e s  much usefu l  in format ion  and i s  a v a l i d  measure o f  performance 
f o r  miss ion  a n a l y s i s .  The t o t a l  momentum i n p u t  o r  t h r u s t  i s  most 
a c c u r a t e l y  determined by mounting t h e  e n t i r e  a c c e l e r a t o r ,  p l u s  t h e  
magnet assembly , o n  a t h r u s t  dynamometer. Correc t  i n t e r p r e t a t i o n  o f  
t h r u s t  s tand  d a t a  r e q u i r e s  c o n s i d e r a t i o n  o f  t h e  fo l lowing  ex t raneous  
f o r c e s  which would no t  provide a c c e l e r a t i o n  i n  space:  
1. I n t e r a c t i o n  o f  magnetic f i e l d  c o i l  wi th  tank and f i x e d  
c u r r e n t  l e a d s .  
2 .  I n t e r a c t i o n  o f  appl ied  a c c e l e r a t o r  c u r r e n t  wi th  tank and 
f ixed c u r r e n t  l e a d s .  
3 .  I n t e r a c t i o n  o f  H a l l  c u r r e n t s  w i t h  tank and f i x e d  c u r r e n t  
l eads .  
The f i r s t  two of  t h e s e  i n t e r a c t i o n s  can be d i r e c t l y  c a l i b r a t e d  
by s h o r t i n g  t h e  e l e c t r o d e s  o f  t h e  a c c e l e r a t o r ,  apply ing  f u l l  magnet and 
a r c  c u r r e n t ,  and n o t i n g  t h e  i n d i c a t e d  t h r u s t .  This  i s  r o u t i n e l y  done 
a f t e r  each change o f  a c c e l e r a t o r ,  magnet o r  power l ead  c o n f i g u r a t i o n  i n  
t h e  t e s t s  performed a t  EOS and w a s  done b e f o r e  t h e  t e s t s  performed a t  
t h e  L e w i s  Research Center (Ref. 3 ) .  
The t h i r d  i n t e r a c t i o n  i s  d i f f i c u l t  t o  c a l i b r a t e  because o f  
t h e  l a c k  o f  d e t a i l e d  informat ion  about t h e  d i s t r i b u t i o n  and magnitude 
o f  t h e  H a l l  c u r r e n t s  which f low i n  t h e  plasma whan t h e  a c c e l e r a t o r  i s  
i n  o p e r a t i o n .  However the  e r r o r  caused by t h i s  type  o f  i n t e r a c t i o n  can 
be shown t o  b e  n e g l i g i b l e .  
o f  t h e  F i r s t  Q u a r t e r l y  Report o f  t h e  p r e s e n t  c o n t r a c t  (Ref. 4 )  i n d i c a t e d  
t h a t  when the f i e l d  induced by t h e  H a l l  c u r r e n t s  i s  comparable t o  t h e  
appl ied f i e l d ,  t h e  t h r u s t  i s  approximately given by 
The d i s c u s s i o n  presented  i n  Subsec t ion  2 . 1  
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where T i s  t h r u s t  i n  newtons, i s  p e r m i t t i v i t y  o f  f r e e  space 
(417 x henr i e s lm) ,  B i s  t h e  undis turbed  f i e l d  s t r e n g t h  i n  
webers/m2 along t h e  c e n t e r  l i n e  o f  t h e  magnet c o i l ,  and A i s  t h e  e x i t  
a r e a  of  a c c e l e r a t o r  i n  m . The va lue  g iven  i n  E q .  1 i s  an estimate 
o f  the ..--e.- If,;+ UppFL LL'11A.L on thc t h r u s t  an:! is cbtainec! when the FIIducP-d 
c u r r e n t s  are s u f f i c i e n t  t o  completely exclude the  appl ied  magnetic 




For t y p i c a l  test  cond i t ions  of t h e  10-kW hydrogen a c c e l e r a t o r ,  
t h e  fol lowing va lues  a r e  appropr ia te :  
T % 6 grams fo rce  0 .06 newtons 
2 B < 3000 gauss  = 0 . 3  weberslm 
A = 1 0  m -4 2 
0 
I n s e r t i o n  of t hese  va lues  i n  Eq. 1 g ives  a t h r u s t  of  approximately 3 
newtons (300 grams f o r c e ) .  Since t h e  magnet c u r r e n t  i s  kept  cons t an t  
du r ing  a t e s t ,  t he  appl ied  f i e l d  s t r e n g t h  remains cons t an t  and t h e  
r a t i o  of t he  induced f i e l d  t o  the appl ied  f i e l d  w i l l  be o f  t h e  same 
o r d e r  as the r a t i o  o f  t h e  ac tua l  t h r u s t  t o  a t h r u s t  of 3 newtons 
( t y p i c a l l y  0 .02)  . 
Next,  the  e f f e c t  o f  d i scha rge  geometry on t h e  t h r u s t  i n t e r -  
a c t i o n  must be e s t ima ted .  The f i e l d  produced by a so leno ida l  c u r r e n t  
d i s t r i b u t i o n  dec reases  with roughly t h e  t h i r d  power of  d i s t a n c e  and 
i n c r e a s e s  with roughly t h e  second power o f  t h e  r a d i u s  of  t h e  d i s t r i b u -  
t i o n  f o r  d i s t a n c e s  o f  t h e  same o r d e r  o r  g r e a t e r  than  the  l eng th  o f  t h e  
d i s t r i b u t i o n .  S ince  the  f i e l d  c o i l  and t h e  H a l l  c u r r e n t  loops are a t  
e s s e n t i a l l y  t h e  s a m e  d i s t a n c e s  from t h e  tank ,  f i xed  suppor t s ,  and t h e  
f i x e d  c u r r e n t  l e a d s ,  and s i n c e  t h e  d iameters  o f  t h e  H a l l  c u r r e n t  loops 
a r e  about the  same as o r  smaller than  t h e  mean c o i l  d i ame te r ,  t h e r e  
seems t o  be no p o s s i b i l i t y  t h a t  geometr ic  f a c t o r s  would make the  e f f e c t  
of  t h e  induced f i e l d s  more important than  t h a t  o f  the  appl ied  f i e l d s .  
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Since the  t h r u s t  i n t e r a c t i o n  wi th  t h e  tank  and f ixed  c u r r e n t  
l eads  depends upon the second power o f  t he  t o t a l  f i e l d  s t r e n g t h ,  
(2) 
2BHal  1 
0 
B i n t e r a c t i o n  a B 2 = (Bo - BHall  ) 2  = Bo2 (1 - t o t a l  
With BHall/Bo o f  t he  o r d e r  o f  0 .02 ,  i t  can be seen t h a t  t he  H a l l  
c u r r e n t s  make a small  c o n t r i b u t i o n  t o  t h e  c a l i b r a t i o n  of  t he  t h r u s t  
s t a n d .  
Therefore ,  i t  may be concluded t h a t  the  change i n  t h r u s t  
s tand  c a l i b r a t i o n  caused by the  i n t e r a c t i o n  of  t he  H a l l  c u r r e n t s  with 
t h e  tank and f ixed  c u r r e n t  leads  can be neg lec t ed  whenever the  
observed t h r u s t  i s  small  compared to  t h e  product  o f  t h e  e x i t  a r e a  o f  
t h e  a c c e l e r a t o r  and the  c e n t e r - l i n e  magnetic p r e s s u r e  o f  t h e  undis -  
t u rbed ,  appl ied  magnetic f i e l d .  
5470-Final 5 -4 
6.  EXPERIMENTAL RESULTS 
6.1 Tests of H 2 - I  Acce lera tor  
The H -I a c c e l e r a t o r  des ign  i s  shown i n  Figs.  6-1 and 6-2. 2 
The a c c e l e r a t o r  has  a tungs ten  cathode t i p  mounted on a water  cooled 
copper base and a water-cooled anode with an i n n e r  bore 1.5 cm i n  
d iameter  and 0.5 cm long. The anode and cathode a r e  separa ted  by a 
boron n i t r i d e  i n s u l a t o r  which has s i x  equa l ly  spaced p o r t s  through 
-A;-h W l l L C l .  the. LI lL I.-.A ' ' J u r U ( j c . L I  __,-,- CxpEllant is ,,,,,uduccd. ;-+rn I:: the f i r s t  v e r s i o n  of 
H -I, t h e  anode had a tungs ten  i n s e r t  a s  shown i n  Fig. 6-1. 
completely copper anode shown i n  Fig. 6-2 was used i n  l a t e r  vers ions .  
The 2 
The des ign  shown i n  Fig. 6-l was found t o  have inadequate  
spacing i n  t h e  a x i a l  d i r e c t i o n  between t h e  anode and cathode. Under 
some cond i t ions  t h i s  caused t h e  d i scha rge  t o  s t r i k e  d i r e c t l y  between 
t h e  e l e c t r o d e s  i n  t h e  d i r e c t i o n  of t h e  app l i ed  magnetic f i e l d .  The 
problem was success fu l ly  e l imina ted  i n  t h e  l a t e r  v e r s i o n  shown i n  
Fig.  6-2 by reducing t h e  cone angle  and diameter  of t h e  cathode and 
a r r ang ing  the  boron n i t r i d e  i n s u l a t o r  t o  prevent  d i r e c t  a r c i n g  along 
t h e  magnetic f i e l d .  
T e s t s  were performed wi th  t h e  H -I a c c e l e r a t o r s  over  t h e  
power range from 40 t o  102 kw with mass flow r a t e s  of from 0.006 t o  
0.05 grams/sec, a r c  c u r r e n t s  from 500 t o  1000 amperes, magnet c o i l  
2 
c u r r e n t s  from 500 t o  2000 amperes and ambient p re s su res  from 0.02 
t o  4.5 mm Hg. 
e r a t o r  a r e  presented i n  Tab le  6 - 1  and i n  F igs .  6-3  through 6-16. 
The most p e r t i n e n t  d a t a  obta ined  w i t h  t h e  H -I acce l -  
2 
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FIG. 6-2 HALL CURRENT ACCELERATOR WITH NO TUNGSTEN ANODE 
INSERT (H2 -I ) 
5470-Final 6 -3 
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
a a a a a h m a a a a  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
C 0 a a a Q ) Q ) a Q ) a Q ) a  
r l l - 4 l - l d d r l d d d l - 4 4  




H t )  aJ 
rn 
d d d d d d d d d d d  .) 
. .  . . . . . .  
I ul 
N N N N N  
0 0 0 0 0  . . . . .  * I - * * * '  0 0 . 0  0 0 0 0 0 0 0 0 0 0 0  
N h m d N h d d d d m  
0 a h a O d d Q ) Q ) Q ) h  
l - l o o o ~ l - 4 l - l o o o o  




0 0 0 0 0  
0 0 0 0 0  
d m h a m  
0 0 0 0 0 0 0  
0 0 0 0 ~ 0 0  
a a a a ~ a a  
0 0 0 0 0 0 0  
0 0 0 0 0 0 0  m a a O N d 0  
l - 4 d I - I r J  
0 0 0 0 0  
0 0 0 0 0  
54 70 -F ina 1 6-4 
The tests were performed by vary ing  one of t he  fou r  v a r i a b l e s  
of a r c  c u r r e n t ,  magnet cu r ren t ,  ambient p r e s s u r e ,  and mass flow, while  
keeping t h e  o t h e r  t h r e e  constant .  Because t h e  mass flow ra te  h a s  an  
e f f e c t  on t h e  tank  pressure,  tank p res su re  w a s  maintained dur ing  
the  v a r i a b l e  mass flow rate t e s t s  by b leeding  co ld  H i n t o  t h e  down- 
s t ream end of the  tank, As a func t ion  of  t h e  above independent v a r i a b l e s  
t h e  fol lowing dependent v a r i a b l e s  were measured : t h r u s t  ( t o t a l  r e a c t i o n  
an a c c e l e r a t o r  p l u s  magiiet asaeiiiblyj ; arc v o l t a g e ;  magnet v o l t a g e ;  
power 
t h r u s t  balance s t r u c t u r e ,  and tank  w a l l s ;  and a r c  chamber p re s su re  
(see l o c a t i o n  of t a p s  i n  Fig.  6 - 2 ) .  
2 
absorbed by coo l ing  water c i r c u i t s  of t h e  anode, cathode, magnet, 
The power absorbed by t h e  cathode was between 0.7 and 1.65 
kW over  t h e  range of condi t ions  t e s t e d .  There w a s  a d e f i n i t e  t r end  i n  
t h e  d a t a  i n d i c a t i n g  t h a t  energy l o s s  a t  the  cathode i n c r e a s e s  a t  least 
l i n e a r l y  wi th  c u r r e n t  and i s  independent of magnetic f i e l d  over  t he  
ranges  t e s t e d .  Though both the mass f low r a t e  and t ank  p res su re  appear  
t o  a f f e c t  cathode energy t r a n s f e r ,  no s i m p l e  c o r r e l a t i o n  w a s  ev iden t  
from the  da ta .  
The arc  chamber pressure  measured a t  t h e  base of t h e  cathode 
i s  p l o t t e d  a s  a f u n c t i o n  of each of t h e  independent v a r i a b l e s  i n  F igs .  
6-3 through 6-6. The cathode pressure  seemed t o  i n c r e a s e  s l i g h t l y  wi th  
app l i ed  magnetic f i e l d  s t r eng th  (Fig. 6 - 3 )  and l i n e a r l y  wi th  ambient 
p re s su re  (Fig, 6-4). It increased  almost e x a c t l y  a s  t h e  square  r o o t  
of t h e  mass flow r a t e  (Fig. 6-5). The e f f e c t  of arc  c u r r e n t  on 
cathode p res su re  i s  shown i n  Fig.  6-6. The a r c  chamber p re s su res  
observed i n  H -I w e r e  smaller by about  a f a c t o r  of  t e n  than  those  
found i n  an  ear l ie r  a c c e l e r a t o r  which had t h e  cathode t i p  set back 
1-cm from t h e  e x i t  plane of the a r c  chamber. The a r c  a t tachment  a t  
t h e  anode was v i s u a l l y  observed t o  be on the  downstream f a c e  of t h e  
anode r a t h e r  than  w i t h i n  t h e  a r c  chamber, The s l i g h t  anode e r o s i o n  
on t h e  downstream s u r f a c e  dur ing  ope ra t ion  a t  h igh  arc c u r r e n t  and 
low mass flow r a t e  confirmed t h a t  t h e  anode at tachment  was o u t s i d e  
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'0 
was t r a n s f e r r e d  t o  the  gas  i n  t h e  a r c  chamber. I f  t h e  gas  flow i s  
assumed t o  be son ic  a t  t he  e x i t  plane of t h e  a r c  chamber, t h e  mass 
flaw r a t e  would be r e l a t e d  t o  t h e  e x i t  s t a t i c  temperature  and t h e  
s t a g n a t i o n  pressure  of t he  flow by a r e l a t i o n  of t h e  form: 
\1 T e x i t  
Though t h e  cons tan t  i n  Eq. 1 
7.7 x lom3 h.k.s]  
depends upon t h e  degree  of d i s s o c i a t i o n  
and ion iza t ion ,  t h e  s p e c i f i c  h e a t  r a t i o ,  and t h e  assumption of f r i c -  
t i o n l e s s ,  cons tan t  a r e a  flow wi th  h e a t i n g ,  i t s  numerical  va lue  i s  
p r a c t i c a l l y  cons t an t  f o r  most s i t u a t i o n s .  For a t y p i c a l  t e s t  w i th  
H 2 - I ,  Eq. 1 l e a d s  t o :  
7.7 1 0 - ~ 1  
T e x i t  = r A e x i t  iil = 1200 OK 
L 
The low e x i t  temperature  i s  i n  accord w i t h  o t h e r  i n d i c a t i o n s  
t h a t  l i t t l e  energy was t r a n s f e r r e d  t o  the  gas  i n  t h e  a r c  chamber. 
The dependence of a r c  chamber p re s su re  on t h e  square r o o t  
of I% i n d i c a t e s  t h a t  i f  t h e  flow i s  son ic  a t  t h e  e x i t  plane then  t h e  
e x i t  plane temperature  v a r i e s  i n v e r s e l y  wi th  15. The app l i ed  magnetic 
f i e l d  s t r e n g t h  may be expected t o  have only  a s m a l l  e f f e c t  on a r c  
chamber pressure when t h e  a r c  a t t a c h e s  t o  the  downstream s u r f a c e  of 
t h e  anode. The e x i t  plane temperature  can be expected t o  i n c r e a s e  
wi th  the  a rc  c u r r e n t ,  l ead ing  t o  a dependence of a r c  chamber p re s su re  
on c u r r e n t  s i m i l a r  t o  t h a t  observed i n  Fig.  6-6. The i r r e g u l a r i t y  of 
t h e  curve i n  Fig.  6-6 may be a s s o c i a t e d  wi th  changes i n  t h e  choking 
condi t ion .  The e f f e c t  of ambient p re s su re  on a r c  chamber p re s su re  i s  
probably a l s o  a s soc ia t ed  wi th  changes i n  t h e  choking c o n d i t i o n  a t  t h e  
e x i t  plane and t o  some e f f e c t  on t h e  boundary l a y e r  t h i c k n e s s  i n  the  
a r c  chamber, Because of t h e  l ack  of a more p r e c i s e  model of t h e  
aerodynamics of t h e  a r c  chamber, t hese  q u a l i t a t i v e  conclus ions  a r e  
regarded a s  only t e n t a t i v e  exp lana t ions  of t h e  observed da ta .  
54 70-F i n a  1 6-10 
The power absorbed by t h e  anode was determined c a l o r i -  
m e t r i c a l l y  and i s  p l o t t e d  a s  a func t ion  of t h e  independent v a r i a b l e s  
i n  Figs. 6-7 through 6-10. The e f f e c t s  of magnetic f i e l d  s t r e n g t h  and 
t ank  p res su re  on anode hea t  t r a n s f e r  a r e  seen t o  be s l i g h t  i n  Figs.  6-7 
and 6-8, except  poss ib ly  a t  very low f i e l d  s t r e n g t h s  and pressures .  
The anode power l o s s  i s  seen t o  be p ropor t iona l  t o  the  c u r r e n t  i n  
Fig. 6-9 and t o  va ry  inve r se ly  approximately a s  t h e  square r o o t  of t h e  
mass flow r a t e  i n  Fig.  6-10. A l l  f ou r  of these  crends a r e  what would 
be expected on t h e  b a s i s  of convective h e a t  t r a n s f e r  being t h e  dominant 
mechanism f o r  power loss t o  the anode. Previous c o r r e l a t i o n s  have 
ind ica t ed  t h a t  some r e l a t i o n  l i k e  
n 
Pf.s. -n P A -  $ 1  I v  NN ( A G d  ) = R e  
e x i s t s  between t h e  power absorbed 
stream Reynold's number of the  gas. 
between 1 / 2  and 1/3. 
pres s ion  w e l l  p r e d i c t s  a l l  of the  observed t r e n d s .  However, i t  has  
not  been poss ib l e  t o  e s t a b l i s h  accu ra t e  va lues  f o r  t h e  f r e e  stream 
by t h e  anode, PA, and t h e  f r e e  
As seen i n  F igs .  6-7 through 6-10, t h i s  ex- 
The exponent n was found t o  l i e  
gas  v i s c o s i t y  1.1 a s  yet ,  so no check on the  a b s o l u t e  va lue  of the  
P. - @ I  f.s. 
A , and t h e  "Reynolds I V  r e l a t i o n  between t h e  "Stanton number", 
f i d  can be made. The f a c t  t h a t  t he  b e s t  c o r r e l a t i o n  I number" 
A Vf.s. 
was based upon t h e  t o t a l  gas  enthalpy, i.e., 6 x I x V c o n f l i c t s  
t o  some e x t e n t  wi th  our present  i n t e r p r e t a t i o n  of t h e  h e a t  t r a n s f e r  
mechanisms i n  t h e  d ischarge .  
p r e s e n t l y  being made. 
Attempts t o  r e s o l v e  t h i s  problem a r e  
The t h r u s t  produced by t h e  a c c e l e r a t o r  i s  p l o t t e d  a s  a 
func t ion  of t h e  independent v a r i a b l e s  i n  Figs .  6-11 through 6-14. 
It was found t h a t  t h e  t h r u s t  increased l i n e a r l y  wi th  app l i ed  c u r r e n t  
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cu 0- 
decreased wi th  i n c r e a s i n g  tank  p res su re  f o r  p r e s s u r e s  above about  
0.5 mm Hg. (Fig. 6-13) and was only s l i g h t l y  a f f e c t e d  by magnetic f i e l d  
s t r e n g t h  Over t h e  range of cond i t ions  t e s t e d  (Fig.  6-14). Linear  depen- 
dence upon a r c  c u r r e n t  can be p red ic t ed  under t h e  assumption t h a t  t h e  
plasma p r o p e r t i e s  and t h e  c u r r e n t  d i s t r i b u t i o n  a r e  independent of 
cu r ren t .  Since i t  would be s u r p r i s i n g  i f  t h e s e  assumptions were always 
v a l i d ,  a more d e t a i l e d  a n a l y s i s  s t i l l  l ead ing  t o  a f i r s t  power r e l a t i o n -  
s h i p  may be needed f o r  an  a c c u r a t e  unders tanding  of t h e  e f f e c t  of c u r r e n t  
l e v e l  on the performance of t h e  H a l l  c u r r e n t  a c c e l e r a t o r .  
The f a c t  t h a t  t h r u s t  i s  independent of mass flow r a t e  i s  one 
of t h e  most s t r i k i n g  f e a t u r e s  of t h e  H H a l l  c u r r e n t  a c c e l e r a t o r  and 
may be a t t r i b u t e d  t o  t h e  f a c t  t h a t  t he  a c c e l e r a t i n g  mechanism i s  
almost e n t i r e l y  e lec t romagnet ic .  Since the  t h r u s t  remains cons t an t  
as  mass flow r a t e  i s  decreased, t h e  t h r u s t  e f f i c i e n c y  and e f f e c t i v e  
back emf must i nc rease .  However i t  w i l l  probably be d i f f i c u l t  t o  
e s t a b l i s h  a n a l y t i c a l l y  the  observed independence of t h r u s t  from mass 
flow r a t e  because of t h e  i n t e r r e l a t e d  e f f e c t s  of mass flow r a t e  on 
v e l o c i t y  and the  induced e l e c t r i c  and magnetic f i e l d s .  
2 
The e f f e c t  of ambient ( tank)  p re s su re  on t h r u s t  i s  shown 
i n  Fig. 6-13. From t h e  lowest p re s su res  a t t a i n e d  t o  about 0.5 mm Hg., 
no e f f e c t  on t h r u s t  was observed. Above 0.5 mm Hg, t h e  t h r u s t  
decreased wi th  i n c r e a s i n g  pressure .  That was probably due t o  the  
decrease  i n  t he  l o c a l  v a l u e s  of t h e  H a l l  c u r r e n t  caused by a dec rease  
i n  t h e  Hall  parameter,  $e = We-re. 
a s soc ia t ed  wi th  a change i n  the  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  a l s o  
caused by changes i n  t h e  plasma p r o p e r t i e s  a t  h i g h e r  pressures .  
An a d d i t i o n a l  e f f e c t  may be 
The s l i g h t  e f f e c t  of magnetic f i e l d  s t r e n g t h  on t h r u s t  
shown i n  Fig. 6-14 i s  d i f f i c u l t  t o  c o r r e l a t e  w i th  a d e t a i l e d  a n a l y t i c  
d e s c r i p t i o n  of t h e  H a l l  c u r r e n t  a c c e l e r a t o r  because of t h e  many 
v a r i a b l e s  which a r e  dependent upon t h e  f i e l d ,  p o s s i b l y  inc luding  
the  cur ren t  d e n s i t y  d i s t r i b u t i o n  and the  plasma p rope r t i e s .  However, 
h igh ly  s impl i f i ed  c o n s i d e r a t i o n s  p r e d i c t  t h a t  t h e  t h r u s t  should 
5470-Final 6-18 
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i nc rease  wi th  f i e l d  s t r e n g t h  f o r  s m a l l  f i e l d s  and reach an asymptot ic  
va lue  f o r  l a r g e  f i e l d s  ( s e e  Ref. 1 and F ig .  6-15). The experiments  
appear  t o  bea r  out t h i s  pred ic ted  t r end ,  
t r y  t o  o b t a i n  s imple a n a l y t i c  expres s ions  f o r  the  magnitude of t h e  
t h r u s t  i n  terms of the  measured magnet cu r ren t .  
Fu r the r  a n a l y s i s  i s  needed t o  
The overall e f f i c i e n c y  o r  a c c e l e r a t i o n  e f f i c i e n c y  i s  p l o t t e d  
a g a i n s t  t he  s p e c i f i c  impulse i n  Fig.  6-16. For  both q u a n t i t i e s  t h e  
average v e l o c i t y  of t h e  stream w a s  computed as  t h e  r a t i o  of t h e  t h r u s t  
t o  t h e  mass flow r a t e .  The inc rease  i n  e f f i c i e n c y  wi th  I i s  a 
consequence of t he  f a c t  t h a t  t h r u s t  is l i n e a r  i n  c u r r e n t  and t h a t  t h e  
app l i ed  v o l t a g e  remained nea r ly  cons t an t  f o r  t h e  tests performed. 
SP 
Thus 
T2 =(;)(k) --LT  I 
2v 2v IA s p  Iv "rl, = 2 + P  
v a r i e d  almost l i n e a r l y  wi th  I 
SP' 
I n  summary, the da ta  from t h e  tes ts  performed on t h e  H -I 2 
a c c e l e r a t o r  i nd ica t ed  the  fol lowing t r e n d s  : 
1. The a r c  attachment a t  t h e  anode was on the downstream 
face  r a t h e r  t han  w i t h i n  t h e  a rc  chamber a s  i t  had been i n  a c c e l e r a t o r s  
i n  which t h e  cathode was set back from t h e  ex i t  plane. The a rc  chamber 
p re s su re  w a s  a l s o  s i g n i f i c a n t l y  lower wi th  t h e  present  a c c e l e r a t o r .  
These two e f f e c t s  a r e  probably i n t e r r e l a t e d  and dependent upon t h e  
independent v a r i a b l e s  of a c c e l e r a t o r  geometry, a r c  c u r r e n t  and mass 
flow rate. 
small amount of energy i s  t r a n s f e r r e d  t o  t h e  gas  i n  t h e  arc  chamber 
when attachment occurs  on t h e  downstream f a c e  of t h e  anode, F u r t h e r  
in format ion  on t h e s e  p o i n t s  i s  p resented  i n  Sec t ion  6.5, "Experimental 
Anode Studies". 
The r e s u l t s  of the p re sen t  tests i n d i c a t e  t h a t  only a 
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2 .  The power t r a n s f e r r e d  t o  t h e  anode c o r r e l a t e s  w e l l  wi th  
the  convect ive hea t  t r a n s f e r  model which proved s o  e f f e c t i v e  i n  a r c  
j e t  techno logy ; name l y  
S tan ton  number cc (Reynold's number)-n 
n 
'A 'i ~ A IJ'f,s. 
'A ' A D  
where the  exponent n is between 113 and 112.  
s tudy  of t h e  anode attachment region appears  t o  be r equ i r ed  t o  
exp la in  the  f a c t  t h a t  t h e  convec t ive  t r a n s f e r  model appears  t o  be 
appropr i a t e  in t h i s  case .  
F u r t h e r  a n a l y t i c a l  
3 .  The power t r a n s f e r r e d  t o  t h e  cathode v a r i e d  l i n e a r l y  
w i t h  a r c  c u r r e n t .  Though t h e  magnitude of t h e  cathode l o s s e s  is  
s u f f i c i e n t l y  small  t o  be of l i t t l e  p r a c t i c a l  i n t e r e s t  from t h e  
s t andpo in t  of op t imiz ing  the  e f f i c i e n c y  of an a c c e l e r a t o r  ope ra t ing  
a t  power l eve l s  above about 50 kw, r educ t ion  of  cathode l o s s e s  may 
be important  i n  lower power a c c e l e r a t o r s  e 
4 .  The t h r u s t  produced by t h e  a c c e l e r a t o r  v a r i e d  l i n e a r l y  
with c u r r e n t ,  and w a s  independent of m a s s  f low r a t e .  These f a c t s ,  
coupled w i t h  t h e  anode hea t  t r a n s f e r  c o r r e l a t i o n ,  appear  t o  i n d i c a t e  
t h a t ,  o t h e r  things being equa l ,  t h e  b e s t  engine performance can be 
obta ined  by reducing mass flow r a t e  r a t h e r  than  by inc reas ing  a r c  
c u r r e n t .  
5 470 -F ina  1 6 -24 



















5. The  t h r u s t  w a s  observed t o  be approximately cons t an t  
w i t h  respec t  t o  changes i n  magnetic f i e l d ,  i n d i c a t i n g  t h a t  t h e  
asymptot ic  behavior  i n  t h e  v i c i n i t y  of $ ~r = 1, p red ic t ed  on the  
b a s i s  of t h e  e x i s t i n g  theory  of t h e  Ha l l  c u r r e n t  a c c e l e r a t o r ,  had 
been reached. Addi t iona l  a n a l y s i s  is needed t o  demonstrate  t h a t  
t h e  e f f e c t  of  magnetic f i e l d  on t h e  t o t a l  t h r u s t  should be s imilar  
t o  t h e  e f f e c t  on t h e  l o c a l  magnitude of  t h e  H a l l  e f f e c t  t h r u s t .  
e 1  
6. The app l i ed  vo l t age  v a r i e d  only  s l i g h t l y  ove r  t h e  
e n t i r e  range of  cond i t ions  t e s t e d ,  producing an  almost l i n e a r  
i nc rease  i n  o v e r a l l  e f f i c i e n c y  w i t h  s p e c i f i c  impulse. T h e o r e t i c a l  
p r e d i c t i o n  of t h e  vo l t age  w i l l  probably r e q u i r e  a n a l y s i s  of  t he  
e n t i r e  volume of i n t e r a c t i o n  of t h e  c u r r e n t  w i t h  t h e  a p p l i e d  mag- 
n e t i c  f i e l d .  
6.2 Tes t  Using Sodium Accelerator  
6 -2 1 Experimental  Equipment 
The tes ts  w i t h  sodium p r o p e l l a n t  have been con- 
ducted using an  engine which was i d e n t i c a l  i n  c o n f i g u r a t i o n  t o  t h a t  
used f o r  eva lua t ing  t h e  performance c a p a b i l i t y  of l i t h i u m  and 
potassium i n  another  program (see Ref. 5 ) .  
i s  shown i n  F ig .  6-17. The unique f e a t u r e s  of  t h i s  engine a r e :  
A ske tch  o f  t h i s  engine 
1. The use of anode feed 
2 .  The r a d i a t i o n  cool ing of  t he  anode 
3 .  The long, t h i c k  c y l i n d r i c a l  cathode 
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Two feed systems have been used. A b o i l e r  was cons t ruc t ed  f o r  
vapor feed,  The vapor was fed i n t o  t h e  engine through a sonic  o r i f i c e ,  
The feed  r a t e  was determined by measuring t h e  temperature  o f  t h e  l i q u i d  
i n  t h e  b o i l e r  and f ind ing  the pressure from t h e  vapor pressure  curves. 
Because of  t he  exponen t i a l  r e l a t i o n  between t h e  pressure  and t h e  
temperature ,  t h i s  technique i s  not a s e n s i t i v e  o r  a c c u r a t e  method of 
de te rmining  a flow r a t e .  Consequently, a number of  c a l i b r a t i o n  runs 
were conducted, It w a s  found t h a t  a cons ide rab le  d iscrepancy  between 
t h e  computed and measured flow r a t e s  e x i s t e d  and t h a t  they were not 
reproducib le .  For  t h i s  reason  only a few t e s t s  were conducted with 
t h i s  feed system. I n  the  majori ty  of  the  t e s t s  a l i q u i d  feed system 
w a s  used. This  system w a s  i d e n t i c a l  t o  t h a t  used i n  t h e  t e s t s  with 
l i t h i u m  and potassium propel lan t  and i s  desrri-hed i n  I?efs 2 ,  
The tes ts  were conducted in vacuum chambers where t h e  p re s su re  w a s  
maintained below one micron by d i f f u s i o n  and mechanical pumps. 
chamber w a l l s  were water cooled.  T e s t  r e s u l t s  a r e  p re sen ted  i n  Table  6-11. 
The vacuum 
6.2.2 Thrust  Measurements 
One of t h e  f i r s t  t a s k s  w a s  t h a t  of determining t h e  parameters  
upon which t h e  measured t h r u s t  depended. 
t h a t  t h e  tank  pressure  profoundly a f f e c t s  t he  measured t h r u s t .  
Accordingly, s e v e r a l  t e s t s  were conducted i n  which the engine was 
opera ted  a t  cons t an t  a r c  cur ren t ,  magnet c u r r e n t  and mass flow ra t e .  
Argon gas w a s  i n j e c t e d  i n t o  the vacuum chamber and the  t h r u s t  w a s  
measured as  a func t ion  of the  tank pressure.  The r e s u l t s  of one such 
tes t  a r e  shown i n  Fig. 6.18. 
cons t an t  a t  p ressures  below about one micron. The measured t h r u s t  then  
decreased i n i t i a l l y  t o  a minimum of  about  one- four th  the  value a t  low 
pressure  and then  increased ,  From t h i s  t e s t  we concluded t h a t  v a l i d  
t h r u s t  measurements were possible  i f  t he  tank  pressure  was maintained 
lower than  one micron. 
It has been found previous ly  
It w a s  found t h a t  t h e  t h r u s t  appeared 
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It has been e s t a b l i s h e d  previously t h a t  t h e  t h r u s t  i n c r e a s e s  
l i n e a r l y  w i t h  t h e  a r c  c u r r e n t ,  For t h i s  reason  t h e  t h r u s t  p e r  u n i t  
c u r r e n t  i s  g e n e r a l l y  p l o t t e d  i n  t h i s  repor t .  However, a t  low mass 
flow r a t e s  i t  appears  t h a t  t h i s  r e l a t i o n s h i p  breaks down and t h a t  
t he  t h r u s t  becomes more n e a r l y  p r o p o r t i o n a l  t o  t h e  mass f low r a t e .  
This  t rend  i s  shown i n  Fig. 6-19 where t h e  t h r u s t  p e r  u n i t  c u r r e n t  i s  
p l o t t e d  vs, the parameter Q. It appears  t h a t  t h e  t h r u s t  i s  indepen- 
dent  of t h e  mass flow r a t e  f o r  va lues  o f  fi > .4 - I. A t  lower va lues  
of h t h e  t h r u s t  appears  t o  be approximately p r o p o r t i o n a l  t o  t h e  mass 
flow r a t e  and independent of t h e  a r c  c u r r e n t ,  It should be noted t h a t  
t hese  t r e n d s  have no t  been observed SO d e f i n i t e l y  i n  a l l  t e s t s  and 
f u r t h e r  experiments a r e  s t i l l  needed t o  c l a r i f y  t h e  e x a c t  dependence 
of t h e  t h r u s t  upon t h e  mass flow r a t e  and t h e  a r c  c u r r e n t  a t  low 
values  of  Q e  
ma 
l e  I 
The manner i n  which t h e  t h r u s t  per u n i t  c u r r e n t  depends 
upon the  s t r e n g t h  o f  t he  a p p l i e d  magnetic f i e l d  i s  shown i n  Fig.  6-20. 
The t h r u s t  appears t o  be r i s i n g  s t e a d i l y  a s  t h e  f i e l d  i n c r e a s e s  a t  
a r a t e  somewhat l e s s  than  l i n e a r l y .  T h i s  curve i n d i c a t e s  t h a t  t h e r e  
may be some advantage i n  i n c r e a s i n g  t h e  magnetic f i e l d  s t r e n g t h  beyond 
t h e  maximum of 3000 gauss a v a i l a b l e  from our c o i l  a t  t h e  present  time. 
I f  t he  above measurements a r e  compared wi th  those  i n  Ref. 6 ,  
where H propel lan t  was used, t h e  fol lowing comments can be made: 2 
1) I n  t h e  hydrogen t e s t s  t h e  t h r u s t  was independent of t h e  
tank  pressure over t h e  range of 100 t o  4 0 0 0 ~ .  The t e s t  wi th  sodium 
i n d i c a t e s  t h a t  t h e  t h r u s t  f a l l s  o f f  and then  i n c r e a s e s  a s  t h e  pressure  
i s  increased.  
2)  The t h r u s t  was found t o  be l i n e a r l y  dependent upon t h e  
a r c  c u r r e n t  and independent of t h e  mass flow r a t e  i n  hydrogen. A t  
low mass flow r a t e s  t h e  t h r u s t  appears  t o  become p r o p o r t i o n a l  t o  t h e  
mass flow r a t e  and independent of t h e  a r c  c u r r e n t  w i t h  sodium propel-  
l an t .  A t  h igher  mass flow r a t e s  of sodium t h e  t h r u s t  i s  l i n e a r l y  
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3) With hydrogen propel lan t ,  t h e  t h r u s t  was independent 
of t h e  magnetic f i e l d  s t r e n g t h  between 3000 and 1500 gauss. A t  
lower f i e l d  s t r e n g t h s  t h e  t h r u s t  decreased. The t e s t s  w i t h  sodium 
propel lan t  i n d i c a t e  t h a t  t he  t h r u s t  i n c r e a s e s  w i t h  t h e  magnetic f i e l d  
up t o  t h e  maximum a v a i l a b l e  of about 3000 gauss,  
6.2.3 P o t e n t i a l  Measurements 
A number o f  p o t e n t i a l  measurements have been made. These 
a r e  a s  follows: 
1) The anode t o  cathode p o t e n t i a l  
2)  
3 )  The anode t o  tank  p o t e n t i a l  
4 )  The cathode t o  tank  p o t e n t i a l  
The anode t o  magnet s h i e l d  p o t e n t i a l  
The anode t o  cathode p o t e n t i a l  i s  p l o t t e d  i n  F i g .  6-21 as a f u n c t i o n  
of t h e  parameter $, which i s  t h e  r a t i o  of mass f low r a t e  t o  arc c u r r e n t .  
This  p l o t  shows t h e  c h a r a c t e r i s t i c  pred ic ted  by t h e  phenomenological 
theory, namely, t h a t  t h e  p o t e n t i a l  d rop  i s  r e l a t i v e l y  c o n s t a n t  f o r  
va lues  of $ g r e a t e r  t h a n  some minimum v a l u e  and then  rises s t e e p l y  
f o r  lower values of @. Some p l o t s  of  t h e  anode t o  t a n k  p o t e n t i a l ,  
cathode t o  tank p o t e n t i a l  and anode t o  magnet s h i e l d  p o t e n t i a l  a s  
func t ions  o f  t h e  a r c  c u r r e n t  and mass flow r a t e  a r e  shown i n  Figs.  6-22 
through 6-26. The g e n e r a l  tendency appears  t o  b e  t h a t  t h e  anode t o  tank  
p o t e n t i a l  increases  wi th  1/@ and t h e  cathode t o  tank  p o t e n t i a l  
i n c r e a s e s  with $. A g r e a t  d e a l  of  s c a t t e r  i s  found i n  t h e  anode t o  
magnet s h i e l d  p o t e n t i a l  measurements. This  appears  t o  be due t o  a 
number of f a c t o r s  which a r e  no t  w e l l  understood. One important  
f a c t o r ,  however, appears  t o  be modal t r a n s i t i o n s  of  t h e  a r c  behavior 
i n  which t h e  p o t e n t i a l  d i s t r i b u t i o n  changes spontaneously a t  one 
opera t ing  point. Such a t r a n s i t i o n  i s  shown i n  F i g .  6-27. This  
t r a n s i t i o n  i s  t e n t a t i v e l y  assumed t o  be a s s o c i a t e d  wi th  t h e  h e a t i n g  o f  
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Anode-Tank Anode -Shield 
The a r c  p o t e n t i a l  d rop  i s  p l o t t e d  a s  a f u n c t i o n  of t h e  
magnetic f i e l d  s t r e n g t h  i n  F i g .  6-20. 
cathode t o  tank p o t e n t i a l  and anode t o  s h i e l d  p o t e n t i a l  a r e  p l o t t e d  
a s  a func t ion  of t h e  magnetic f i e l d  s t r e n g t h  i n  F i g s .  6-28 through 6-31. 
These p l o t s  i n d i c a t e  t h a t  t h e  cathode t o  t a n k  p o t e n t i a l  i s  independent 
of t h e  magnetic f i e l d  s t rength ,  and t h a t  t h e  anode t o  t a n k  p o t e n t i a l  
i n c r e a s e s  approximately l i n e a r l y  wi th  t h e  s t r e n g t h  of t h e  magnetic 
f i e l d .  
The anode t o  t a n k  p o t e n t i a l  
6.2.4 Anode Power Measurements 
The anode i n  t h e  sodium t e s t s  was r a d i a t i o n  cooled, However, 
i n  order  t o  measure t h e  anode power, i t  was surrounded by a n  o i l  
cooled j acke t  which picked up a high percentage of  t h e  r a d i a t e d  power 
from t h e  anode. A s e t  of  measurements o f  t h e  anode power a s  a f u n c t i o n  of 
t h e  magnetic f i e l d  s t r e n g t h  and arc c u r r e n t  are shown i n  F i g s .  6-32, 6-33, 
and 6-34. Some r e s u l t s  from a t e s t  wi th  potassium a r e  shown f o r  comparison. 
6.2.5 Overa l l  Performance 
P l o t s  of t h e  o v e r a l l  performance c a p a b i l i t y  a r e  shown f o r  
s e v e r a l  t e s t s  i n  F i g s .  6-35 and 6-36. These p l o t s  show t h e  c h a r a c t e r -  
i s t i c  l i n e a r  r e l a t i o n  between t h e  e f f i c i e n c y  and t h e  s p e c i f i c  impulse of 
most of t h e  r e s u l t s  obtained from H a l l  c u r r e n t  plasma a c c e l e r a t o r s ,  
These curves i n d i c a t e  t h a t  good performance can be expected from 
sodium i n  t h e  2000 sec,  I range and probably a t  somewhat h igher  
I a s  wel l .  T e s t  r e s u l t s  a t  s p e c i f i c  impulses above 2000 sec a r e  no t  
shown due t o  u n c e r t a i n t y  of mass flow measurement. 
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FIG.  6-30 
TANK-TO-CATHODE POTENTIAL 
AS A FUNCTION OF COIL 
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6.3 Development of Engine f o r  Low Densi ty  Tests 
The o p e r a t i n g  c h a r a c t e r i s t i c s  of H a l l  c u r r e n t  a c c e l e r a t o r s  
were found t o  change mode a s  t h e  mass flow was reduced below a c r i t i c a l  
va lue  ( see  Ref. 1). It i s  no t  c e r t a i n  whether t h i s  e f f e c t  w a s  due t o  
t h e  decrease  i n  mass f low o r  tank  p r e s s u r e s .  For t h i s ,  and f o r  o t h e r  
r e a s o n s ,  t he re  i s  a need t o  conduct experiments  w i t h  a n  a c c e l e r a t o r  
when t h e  tank pressure  i s  v e r y  low, e . g . ,  about 10-4-10-5 mm of Hg. 
A p a r t i a l l y  r a d i a t i o n  cooled engine t h a t  i s  t o  be used f o r  such tes t s  
has  been designed and g i v e n  prel iminary t e s t s .  The engine w a s  designed 
t o  run  a t  a power l e v e l  of 10 kW and a mass f low ra te  of 1-3 mg/sec. 
The f i r s t  model t h a t  w a s  b u i l t  and t e s t e d  i s  shown i n  F i g .  
6-37. This  engine r a n  w e l l  a t  h igh  mass f low,  i . e . ,  10 mg/sec b u t  
would no t  opera te  i n  a s teady mode a t  lower m a s s  f low ra tes .  Accord- 
i n g l y ,  t h e  anode shape was modified as shown by t h e  i n s e r t  on F i g .  6-37. 
When t h i s  model was t e s t e d ,  t h e  i n s u l a t o r  burned back very  quick ly  and 
a n  a x i a l  a r c  of low v o l t a g e  e s t a b l i s h e d  i t s e l f  between t h e  o u t e r  edge 
of t h e  cathode rod and the  inne r  edge of t h e  anode c a v i t y .  
The e l e c t r o d e  c o n f i g u r a t i o n  was next  modif ied t o  t h a t  shown 
i n  F i g .  6-38. A l a r g e r  diameter  magnet was a l s o  used. This  model 
operated s a t i s f a c t o r i l y  f o r  extended per iods  of t i m e  a t  a mass f low 
ra te  of about 3 mg/sec. However, t h e  s p e c i f i c  impulse and t h r u s t  
e f f i c i e n c y  as computed from t h e  t a r g e t  t h r u s t  measurement appeared t o  
b e  abnormally low. It was specula ted  t h a t  t h i s  w a s  caused by t h e  t a r g e t  
be ing  too  f a r  from t h e  engine (approximately 14 inches)  and i n t e r -  
c e p t i n g  on ly  p a r t  of t h e  j e t .  Another p o s s i b l e  cause w a s  thought t o  b e  
t h e  f r i c t i o n  f o r c e s  of t h e  shroud,  which had been designed t o  i n c r e a s e  
t h e  r a d i a t i n g  s u r f a c e  of t h e  anode. For t h e  next  t e s t ,  t h e  shroud w a s  
removed from t h e  anode (see i n s e r t  on F i g .  6-38) and t h e  t a r g e t  w a s  
moved up t o  wi th in  7 inches  of t h e  anode f a c e .  The measurements on 
t h i s  engine c o n f i g u r a t i o n  i n d i c a t e d  t h a t  a c c e p t a b l e  performance w a s  
b e i n g  obtained a t  a mass f low ra te  of about 3 mg/sec. Some r e p r e -  
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t h r u s t  e f f i c i e n c y  v e r s u s  t h e  s p e c i f i c  impulse i s  shown i n  F i g .  6-39. 
A p l o t  of t h e  s p e c i f i c  impulse a t  c o n s t a n t  mass f low r a t e  v e r s u s  t h e  
tank pressure  i s  shown i n  F i g .  6-40. This  p l o t  i n d i c a t e s  t h a t  t h e  
t h r u s t  i s  i n c r e a s i n g  s l i g h t l y  as t h e  tank  p r e s s u r e  i s  reduced t o  3@, 
of Hg pressure .  
Unstable a r c  o p e r a t i o n  occurred when a t t e m p t s  were made t o  
reduce  t h e  mass flow rate  below 3 mg/sec. A l t e r n a t i v e  d e s i g n s  which 
would opera te  w e l l  a t  1 mg/sec mass f low rate  were sought .  
During t h e  tests on t h e  h igh  power a c c e l e r a t o r  
(Ref. 4 ) ,  as w e l l  as dur ing  those  conducted on t h e  10-kW 
and H - 2 B ) ,  an i n s t a b i l i t y  of t h e  d ischarge  o c c u r r i n g  i n  
plume w a s  found t o  occur below c e r t a i n  m a s s  f low rates. 
of t h e  a c c e l e r a t o r  e l e c t r o d e s  w h i l e  t h i s  i n s t a b i l i t y  w a s  
2 
(H2- I )  
engine  (H -2C 
t h e  exhaust  
Observat ion 
s e t t i n g  i n  
2 
i n d i c a t e d  t h a t  i t  w a s  most l i k e l y  caused by a n  unsteady cathode a t t a c h -  
ment ; t h e  attachment r e g i o n  moving d i s c o n t i n u o u s l y  from t h e  p o i n t  of t h e  
c o n i c a l  cathode t o  a s i d e  o f  t h e  cathode.  A s i m i l a r  t r a n s i t i o n  o f  t h e  
cathode attachment reg ion  i n  an argon a r c  had been observed and r e p o r t e d  
i n  Ref .  7 .  Stable at tachment  t o  t h e  p o i n t  o f  t h e  c o n i c a l  cathode appeared 
t o  occur only above some c r i t i c a l  p r e s s u r e ,  which w a s  about  1-2 mm Hg 
when t h e  ambient g a s  w a s  hydrogen. 
of engines  were designed i n  which v a r i o u s  techniques  were used t o  main- 
Based on t h i s  h y p o t h e s i s ,  a number 
t a i n  t h e  pressure  a t  t h e  cathode a t  va lues  of over  10 mm Hg a t  mass 
flow rates  f o r  H of under 0.001 g / sec .  Attempts w e r e  made t o  keep 
t h e  anode and cathode c o n f i g u r a t i o n  s imilar  t o  t h a t  shown i n  Fig.  6-41 
s i n c e  t h i s  a c c e l e r a t o r  performed w e l l  a t  mass flow r a t e s  of 0.001 g / s e c  
and r e l a t i v e l y  high tank p r e s s u r e  (Table 6-IV, Model H -2B) .  
2 
2 
I n  c o n f i g u r a t i o n s  s imi la r  t o  t h a t  shown i n  F i g .  6-41, t h e  pres -  
s u r e  a t  t h e  cathode i s  c o n t r o l l e d  by t h e  anode o r i f i c e  which ac ts  as a 
sonic  nozzle .  The p r e s s u r e  a t  t h e  cathode can then  be expressed a s  
m J< 
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where p i s  t h e  p r e s s u r e  a t  t h e  cathode,  m i s  mass flow rate ,  h i s  
s t a g n a t i o n  enthalpy of t he  g a s ,  A A 
and Y i s  a "flow c o e f f i c i e n t ' '  which i s  c l o s e  t o  u n i t y .  I f  t h e  mass 
flow i s  f ixed ,  then t h e  p r e s s u r e  a t  t h e  cathode can  be  i n c r e a s e d  by 
i n c r e a s i n g  the s t a g n a t i o n  en tha lpy  of  t h e  gas a t  t h e  ex i t  and by de-  
c r e a s i n g  the c r o s s  s e c t i o n a l  a r e a  of  t h e  e x i t  o r i f i c e .  The e n t h a l p y  
of t h e  gas  a t  t h e  o r i f i c e  can be i n c r e a s e d  by moving t h e  cathode back 
from t h e  o r i f i c e .  However, a l i m i t i n g  en tha lpy  i s  soon a t t a i n e d ,  
whose va lue  i s  c o n t r o l l e d  by t h e  w a l l  h e a t  f l u x  r a t e  t o  t h e  anode 
( R e f .  8). Model H -2E w a s  accord ingly  designed and b u i l t  w i t h  t h e  
cathode w e l l  back from t h e  o r i f i c e  and t h e  o r i f i c e  i t s e l f  reduced 
from 1 / 2  i n .  t o  a diameter  of  118 i n .  (Fig.  6-42).  This  engine opera ted  
w e l l  a t  very l o w  mass flow r a t e  but  developed very  l i t t l e  t h r u s t  
(Table 6-IV, Model H2-2E). The low t h r u s t  was thought t o  be caused by 
f r i c t i o n  fo rces  on t h e  gas a s  i t  flowed through t h e  long anode o r i f i c e .  
Accordingly,  t h e  l e n g t h  of  t h e  o r i f i c e  was reduced, a s  shown i n  t h e  
i n s e r t  o f  Fig.  6-42. Tests  on t h i s  modified engine  i n d i c a t e d  t h a t  more 
t h r u s t  w a s  developed, but  t h e  o v e r a l l  performance w a s  s t i l l  very poor 
(Table 6-IV,  Model H2-2F). 
not  a l low enough i n t e r a c t i o n  o f  t he  c u r r e n t  w i t h  t h e  e lec t romagnet ic  
f i e l d  and the small d i a m e t e r  anode approach w a s  t h u s  abandoned. 
C 0 
i s  t h e  a r e a  of t h e  anode o r i f i c e ,  
2 
I t  was concluded t h a t  t h e  s m a l l  o r i f i c e  d i d  
The next  approach t o  main ta in ing  a high p r e s s u r e  a t  t he  
cathode w a s  t o  p lace  a b u f f e r  e l e c t r o d e  between t h e  anode and ca thode .  
T h i s  e l e c t r o d e  i s  e l e c t r i c a l l y  i n s u l a t e d  from t h e  anode and cathode,  
bu t  f o r c e s  the gas and the  d ischarge  t o  f low through a s m a l l  o r i f i c e ,  
t hus  maintaining t h e  cathode pressure  a t  adequate ly  high v a l u e s .  The 
technique of b u f f e r  design had been worked o u t  prev ious ly  (Ref. 9). 
5470-Final 6-52 
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and t h e  buf fer  c o n f i g u r a t i o n  developed a t  t h a t  t i m e  was used f o r  t h i s  
engine .  
(Fig.  6-43). I t  was hoped t h a t  by bucking t h i s  magnet a g a i n s t  t h e  ac- 
c e l e r a t i n g  magnet, t he  d ischarge  could be channeled through t h e  b u f f e r  
o r i f i c e  w i t h  l i t t l e  power l o s s .  I n i t i a l  t e s t s  w i t h  t h i s  c o n f i g u r a t i o n  
i n d i c a t e d  t h a t  t he  second magnet had l i t t l e  o r  no e f f e c t  on b u f f e r  
performance and hea ted  e x c e s s i v e l y .  Also,  t h e  o v e r a l l  engine perform- 
ance was s t i l l  very poor (Table 
c a t i o n ,  t h e  second magnet was removed and t h e  l e n g t h  of  t h e  anode 
o r i f i c e  decreased (Fig.  6-44). The performance o f  t h i s  engine  w a s  q u i t e  
good a t  low mass flow r a t e  and low tank p r e s s u r e .  (Table 6-IV, k d e l  
H2-4B). For t h i s  reason only minor changes were subsequent ly  made i n  
t h e  c o n f i g u r a t i o n .  These m o d i f i c a t i o n s  are  i l l u s t r a t e d  i n  F i g .  6-44. 
A second magnet was a l s o  added to t h e  rear o f  t h e  engine  
6-IV, Model H2-4A). I n  t h e  next  modif i -  
6 . 3 . 1  Low Pressure  Tests  
A 10-kW buffered-cathode Hal l  c u r r e n t  a c c e l e r a t o r  o f  t h e  
des ign  shown i n  F i g . 6 - 4 4  was d e l i v e r e d  to  t h e  L e w i s  Research Center f o r  
t e s t i n g  a t  low ambient ( t a n k )  p r e s s u r e s .  The a c c e l e r a t o r  w a s  i n s t a l l e d  
on a t h r u s t  s t a n d  i n  a t e s t  f a c i l i t y  equipped w i t h  twenty 36-in.  d i f -  
f u s i o n  pumps and t e s t ed  a t  p ressures  as low a s  5 x 10 mm Hg, under 
t h e  d i r e c t i o n  o f  S. Domitz (Ref .  3 ) .  The d a t a  from t h e s e  tes ts  are 
presented  i n  Tables  6-V and 6-VI. 
-5 
The t h r u s t  s t a n d  c a l i b r a t i o n s  were performed by dead-weight 
loading t o  determine s e n s i t i v i t y  and by a s h o r t i n g  t e s t  t o  determine 
t h e  i n t e r a c t i o n  o f  t h e  a r c  and magnet c u r r e n t s  w i t h  t h e  tank and f i x e d  
c u r r e n t  leads.  The e f f e c t  of t h e  H a l l  c u r r e n t s  upon t h e  t h r u s t  s t a n d  
c a l i b r a t i o n  i s  d iscussed  i n  S e c t i o n  6 . 5 .  D r i f t  and zero  s h i f t s  of  t h e  
t h r u s t  reading raised some doubt a s  t o  a b s o l u t e  accuracy.  However, 
repea ted  dead-weight loading of t h e  t h r u s t  s t a n d  w i t h  t h e  a c c e l e r a t o r  
on and o f f  gave reproducib le  increments  i n  t h e  t h r u s t  r e a d i n g .  Thus, 
t h e  p r e c i s i o n  of  t he  t h r u s t  readings  i s  thought t o  be q u i t e  good. 
The tank pressure was measured using thermocouple and i o n i z a t i o n  gauges.  
A f a c t o r  of two w a s  used throughout i n  o r d e r  t o  c o r r e c t  t h e  a i r  C a l i -  
b r a t i o n  of those gauges f o r  use i n  hydrogen. 
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The most s i g n i f i c a n t  r e s u l t s  o f  the  t e s t s  a r e  l i s t e d  below: 
1. To w i t h i n  the  p rec i s ion  of the  t h r u s t  measurement, t h e  t h r u s t  
did no t  change wi th  ambient p re s su re  over  the  range from 
t o  5 x l oa5  mm Hg (Table 6 - V ) .  
2 .  A t  c o n s t a n t  a r c  c u r r e n t ,  magnetic f i e l d  s t r e n g t h ,  and m a s s  
f l o w  rate,  t h e  appl ied  vo l t age  d id  not  change apprec iab ly  
wi th  tank p r e s s u r e  (Table 6 - V ) .  
3 .  Under t h e  same opera t ing  cond i t ions ,  t he  a b s o l u t e  magnitude 
of t h e  t h r u s t  was about 40 percent  lower than  t h a t  observed 
a t  t h e  EOS f a c i l i t y  (Table 6-V) .  
-3  4.  A s  t h e  ambient p re s su re  w a s  lowered t o  10  mm Hg, t he  anode 
and cathode j e t s  changed i n  appearance and became d i s t i n c t l y  
sepa ra t ed .  The anode j e t  f l a r e d  out  from t h e  anode f o r  a 
d i s t a n c e  o f  about 6 i n c h e s .  The cathode j e t  inc reased  i n  
l e n g t h  t o  about 8 f e e t  and curved toward the  tank  w a l l .  
The a r c  formed by the cathode j e t  appeared t o  have a r a d i u s  
of cu rva tu re  o f  perhaps 12 f e e t  and ended nea r  t h e  tank  w a l l .  
A t  p r e s su res  less than 10 unn Hg, the  appearance of  t h e  j e t  
d id  no t  change. 
-3 
5. Reversing magnetic f i e l d  p o l a r i t y  had no e f f e c t  upon a c c e l -  
e r a t o r  performance o r  t he  appearance of t h e  j e t .  
The f a c t  t h a t  t h r u s t  and v o l t a g e  were independent of tank 
-5 pres su res  as low a s  5 x 10 
ment of ambient gas i n t o  the  exhaust stream a t  h igh  tank  p r e s s u r e s  
does not  apprec iab ly  a f f e c t  performance d a t a .  An e s t i m a t e  of t h e  
maximum p o s s i b l e  en t r a ined  mass flow may be made by computing t h e  
number of  p a r t i c l e s  which en te r  t h e  i n t e r a c t i o n  r eg ion  by f r e e  d i f -  
fu s ion  : 
mm Hg i n d i c a t e s  t h a t  t h e  p o s s i b l e  e n t r a i n -  
r 
( i n  mks u n i t s ) .  m n v  a a t h = A p  J” - ma 3 K k m = A  e 
d l  
0 For hydrogen a t  tempera tures  above 300 K, 
G s 4.4 x AP , 
e 
5470-Final 6 - 5 9  
(4) 
where fi 
p l i e d  mass flow rate of m = 
5 x nun Hg, the r a t i o  of t o t a l  t o  supp l i ed  mass flow rates would 
be 
i s  i n  g / s e c ,  A i s  i n  cm2 and p i s  i n  mm Hg. Thus, a t  a sup- e 
g l s e c  and an  ambient p re s su re  of  
S 
-4  m + m  
m = 1 + 2 . 2 x l O  A .  
T S e Iil 
Iil 
- =  
S S 
I f  i t  i s  est imated t h a t  the  i n t e r a c t i o n  reg ion  co inc ides  roughly w i t h  
t h e  luminous p o r t i o n  of t he  anode j e t ,  A S  750 cm and S 1.15. 
Even i f  t h e  above e s t i m a t e s  a r e  somewhat i n  e r r o r ,  i t  appears  c e r t a i n  
t h a t  entrainment of ambient gas  has  no major e f f e c t  upon a c c e l e r a t o r  
per  f ormanc e . 
2 
The d i f f e r e n c e  between t h e  a b s o l u t e  magnitude of  t h e  t h r u s t  
observed i n  the Lewis Research Center t e s t s  and t h a t  which w a s  observed 
a t  EOS i s  not f u l l y  understood.  The l a r g e  zero d r i f t  and s h i f t s  of 
t h e  t h r u s t  s tand a t  LRC leads  one t o  suspec t  t h e  accuracy of those  
measurements. However, o the r  f a c t o r s  may be r e s p o n s i b l e  f o r  the  ob- 
served discrepancy.  
The long cathode j e t  which w a s  observed a t  ambient p re s su res  
less than  
c u r r e n t  w a s  being c a r r i e d  by a ground loop which bypassed t h e  a c c e l -  
e r a t o r  anode. Though d i r e c t  measurement o f  t he  anode and cathode 
c u r r e n t s  c lose  t o  t h e  a c c e l e r a t o r  were not made, t he  two c u r r e n t s  were 
equal  j u s t  ou ts ide  the  t ank .  This i n d i c a t e d  t h a t  any p o s s i b l e  ground 
loop w a s  c l o s i n g  w i t h i n  the  t ank .  
the  anode was sho r t ed  t o  the  tank;  the  c u r r e n t  c a r r i e d  by t h e  s h o r t  
i nc reased  from p r a c t i c a l l y  zero  a t  10 
p res su res  of 10 mm Hg and l e s s .  The app l i ed  a r c  c u r r e n t  w a s  120 
amperes during t h e s e  t e s t s .  Thus, even w i t h  a d i r e c t  s h o r t  from tank 
t o  anode, the ground loop c u r r e n t  was only  113 of t h e  app l i ed  c u r r e n t .  
Closing t h e  tank-to-anode s h o r t  caused t h e  cathode j e t  t o  curve  more 
sha rp ly  SO t h a t  i t  approached t h e  tank w a l l  c l o s e r  t o  t h e  a c c e l e r a t o r .  
mm Hg sugges t s  t he  p o s s i b i l i t y  t h a t  a p o r t i o n  of the a r c  
Experiments w e r e  performed i n  which 
- 2  mm Hg t o  about 40 amperes a t  
-3 
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However, even when t h e  s h o r t  was c a r r y i n g  40 amperes, no a r c  a t t a c h -  
ment of  the cathode j e t  t o  t h e  tank  w a l l  was observed.  By t u r n i n g  o f f  
v a r i o u s  sets of t he  d i f f u s i o n  pumps i n  t u r n ,  i t  was determined t h a t  
t h e  cu rva tu re  of t h e  cathode j e t  was not  a f f e c t e d  by the  gas  flow p a t -  
t e r n  i n  the  t ank .  
A p o s s i b l e  i n t e r p r e t a t i o n  of the  long, curved cathode j e t  
i s  t h e  fo l lowing .  The p r o b a b i l i t y  of volume recombination of  ions 
and e l e c t r o n s  i s  q u i t e  s m a l l  and much of  t h e  recombination might occur  
when the i o n s  a c c e l e r a t e d  i n  the anode j e t  s t r i k e  the  tank  w a l l .  The 
w a l l  i s  supp l i ed  w i t h  e l e c t r o n s  a c c e l e r a t e d  i n  the  cathode j e t .  I f  
the  d i r e c t e d  k i n e t i c  e n e r g i e s  of t h e  e l e c t r o n s  and ions  were d i f f e r e n t  
downstream of the  a c c e l e r a t o r ,  t h e r e  would be a tendency f o r  e l e c t r o n s  
t n  bend toward the tank m o r e  s h a r p l y  than t h e  i o n s .  S ince  the  a c c e l -  
e r a t e d  e l e c t r o n s  and i o n s  would cont inue  t o  flow downstream i n  a space 
environment, r e g a r d l e s s  of t h e  r a t e  of recombination, the  cu rva tu re  of  
t h e  cathode j e t  observed i n  a vacuum tank  t e s t  w i l l  no t  occur  i n  space .  
6 .4  Tests of  Various P r o p e l l a n t s  
A s e r i e s  o f  experiments w a s  performed with hydrogen, hel ium, 
n i t r o g e n ,  and argon us ing  t h e  10-kW a c c e l e r a t o r  shown i n  F ig .  6-45 i n  
an a t tempt  t o  determine the e f f e c t s  of  atomic weight and i o n i z a t i o n  po- 
t e n t i a l  on a c c e l e r a t o r  performance. The r e s u l t s  of  t hese  tes ts  are 
presented  i n  Tables 6-VIIand 6-VIIIand F i g s .  6-46 through 6-51. 
The e f f e c t  of mass flow r a t e  on t h r u s t  f o r  t h e  v a r i o u s  pro- 
p e l l a n t s  i s  shown i n  F igs .  6-46 and 6-47. The d a t a  i n d i c a t e  t h a t  t h r u s t  
i n c r e a s e s  with mass flow f o r  each p r o p e l l a n t ,  though s u f f i c i e n t  d a t a  
are no t  a v a i l a b l e  t o  determine t h e  f u n c t i o n a l  dependence a c c u r a t e l y .  
Except f o r  a small d i f f e r e n c e  with n i t r o g e n ,  t h e  t h r u s t  appears  t o  be  
independent of p r o p e l l a n t  type .  The f a c t  t h a t  t he  t h r u s t  approaches 
a p o s i t i v e  i n t e r c e p t  as the  mass f low i s  reduced toward zero  may be 
expla ined  by t h e  f a c t  t h a t  e lec t romagnet ic  f o r c e s  should be f a i r l y  
independent of  m a s s  f low down t o  very small  flow rates.  The i n c r e a s e  
i n  t h r u s t  with i n c r e a s i n g  mass f low may be  caused by an i n c r e a s e  i n  
aerodynamic f o r c e s .  The aerodynamic t h r u s t  may he approximated by 
5470-Final 6-61 













































































































































































































































































































































































































































































































































































































































































































































































































































































- 1 2  (1.67 x 10 ) ( i n  mks u n i t s )  , 
PoAexit  
where h i s  t h e  s t a t i c  enthalpy o f  t h e  g a s ,  excluding i o n i z a t i o n  and 
d i s s o c i a t i o n  energy.  
t h e  aerodynamic f o r c e s  would be p r o p o r t i o n a l  t o  t h e  square  r o o t  o f  t h e  
mass f low rate  and independent o f  atomic weight ,  o r  roughly o f  t h e  s a m e  
form as t h e  d a t a  presented  i n  F i g s .  6-46 and 6-47. The e f f e c t  o f  m a s s  
f low on t h r u s t  w a s  n o t  observed wi th  t h e  a c c e l e r a t o r  c o n f i g u r a t i o n  t e s t e d  
d u r i n g  t h e  f i r s t  q u a r t e r  (Ref. 10) .  
e x i t  
I f  hexit v a r i e d  i n v e r s e l y  wi th  t h e  mass f low r a t e ,  
The a c c e l e r a t i o n  e f f i c i e n c y  , %, i s  p l o t t e d  i n  F i g .  6-48 as a 
f u n c t i o n  o f  s p e c i f i c  impulse fo r  each  of  t h e  p r o p e l l a n t s .  The r i se  i n  
e f f i c i e n c y  a t  very  low v a l u e s  of s p e c i f i c  impulse i s  mainly caused by 
the fact  t h a t ,  in computing nb, the stagrratior? e r r tha lpy  n f  the  s to red  
gas  i s  n o t  added to  t h e  suppl ied e l ec t r i ca l  energy.  Above about 1000 
seconds,  t he  e f f i c i e n c y  begins  t o  i n c r e a s e  w i t h  I as h a s  been observed 
w i t h  hydrogen, l i t h i u m  (Ref. 11) , and NH3 (Ref. 1 2 ) .  
observed a c c e l e r a t i o n  e f f i c i e n c y  t o  f r o z e n  f low e f f i c i e n c y  (based upon 
complete s i n g l e  i o n i z a t i o n )  f o r  t h e  v a r i o u s  p r o p e l l a n t s  i s  p l o t t e d  i n  
F i g .  6-49 a s  a f u n c t i o n  o f  I . For r e f e r e n c e ,  t h e  f rozen  flow e f f i -  
c i e n c y ,  qfr ,  i s  shown i n  F i g .  6-50 as a f u n c t i o n  of I f o r  each o f  t h e  
p r o p e l l a n t s .  Though t h e  present  a c c e l e r a t o r  was developed f o r  use wi th  
hydrogen and t h e  v a l u e  o f  $ITfr a t  a given I 
t h e r e  i s  not  s u f f i c i e n t  d a t a  at t h i s  t i m e  t o  determine t h e  e x t e n t  o f  
a c c e l e r a t o r  redes ign  requi red  to improve performance wi th  t h e  o t h e r  pro- 
p e l l a n t s .  The d i f f e r e n c e  i n  performance obta ined  wi th  t h e  v a r i o u s  pro- 
p e l l a n t s  may be i n h e r e n t  i n  the  a c c e l e r a t i o n  mechanisms, and may be 
a f f e c t e d  very l i t t l e  by changes i n  engine c o n f i g u r a t i o n .  
SP , 
The r a t i o  o f  
SP 
SP 
w a s  l a r g e s t  f o r  hydrogen, 
SP 
Figure 6-51 i s  a graph of  t h e  observed v a l u e s  o f  V /V as a 
K E O  
f u n c t i o n  of  1 / Y  f o r  each p r o p e l l a n t .  The symbol V 
e q u i v a l e n t  v o l t a g e  requi red  t o  a c c e l e r a t e  a s i n g l y  charged i o n  t o  t h e  
observed average s t ream v e l o c i t y :  
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FIG.  6-51 RATIO OF VOLTAGE NECESSARY TO ACCELERATE A FIRST 
ION TO OBSERVED STREAM VELOCITY TO APPLIED VOLTAGE 
AS A FUNCTION OF DIMENSIONLESS RATIO OF MASS FLOW 
TO ARC CURRENT 
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Applied vol tage  i s  des igna ted  by V 
o f  mass flow t o  a r c  c u r r e n t :  
and Y i s  t h e  d imens ionless  r a t i o  
0 
e m  
mi 'A 
y = -  
The a c c e l e r a t i o n  e f f i c i e n c y  may be w r i t t e n  as 
(9) 
Since t h e  k i n e t i c  energy f l u x  o f  t h e  s t ream i s  a minimum when t h e  v e l o c i t y  
d i s t r i b u t i o n  is  uniform, the  f i r s t  law o f  thermodynamics imposes t h e  
requirement t h a t  'b a s  d e f i n e d  i n  Eq. 9 be less than  u n i t y  (so long as 
t n e  en tha lpy  f l u x  o f  t h e  suppl ied  gas i s  n e g l i g i b l e  i n  comparison to  t h e  
e l e c t r i c a l  power). I t  can be seen  from F i g .  6-51 t h a t  none o f  t h e  d a t a  
v i o l a t e  t h a t  condi t ion .  However, t h e  d a t a  f o r  argon i n d i c a t e  t h a t  t h e  
i o n s  are being a c c e l e r a t e d  t o  v e l o c i t i e s  h igher  than  would be  a t t a i n e d  
a f t e r  a drop through t h e  t o t a l  appl ied  v o l t a g e  (V / V  > 1 ) .  Anomalous 
va lues  have a l so  been observed i n  argon by o t h e r  experimenters  (Refs .  10 
K E O  
and 13) . 
1. 
2 .  
3 .  
4 .  
The p o s s i b l e  mechanisms which could produce such r e s u l t s  are 
Mass entrainment  from sur roundings ,  l e a d i n g  t o  v e l o c i t i e s  
which are l e s s  than T/m. 
Mult iple  i o n i z a t i o n .  (The h i g h e s t  v a l u e s  o f  V / V  i n  F i g .  
6-51 would be reduced t o  less t h a n  u n i t y  o n l y  i f  f o u r t h  
i o n i z a t i o n  o c c u r r e d . )  
A l t e r n a t i n g  c u r r e n t  e f f e c t s .  
Mult iple  c o l l i s i o n s  with e l e c t r o n s  which a c c e l e r a t e  t h e  i o n s  
toward t h e  l i m i t i n g  E / B  v e l o c i t y .  
Whether t h e  anomalous r e s u l t s  a r e  simply caused by mass e n t r a i n -  
K E O  
ment could be determined most r e a d i l y  by t e s t i n g  t h e  device  a t  low tank 
p r e s s u r e ;  a pressure  o f  10 mm Hg o r  less  should be  s u f f i c i e n t .  S ince  
m u l t i p l e  i o n i z a t i o n  r e s u l t s  i n  l a r g e r  f r o z e n  f low l o s s e s ,  t h e  second 
- 3  
mechanism appears u n d e s i r a b l e  and might be avoided through the  use  o f  
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p o t e n t i a l .  E i t h e r  t h e  t h i r d  or f o u r t h  mechanism could be exp lo i t ed  
t o  improve a c c e l e r a t o r  performance. A l t e r n a t i n g  c u r r e n t  e f f e c t s  
might be enhanced by changing the inductance and capac i t ance  of  the  
d c  power c i r c u i t .  The c o l l i s i o n a l  a c c e l e r a t i o n  mechanism might be 
enhanced by such t h i n g s  as a l t e r i n g  t h e  magnetic f i e l d  c o n f i g u r a t i o n  
t o  provide a d d i t i o n a l  e lec t romagnet ic  containment of t h e  anode j e t  and 
u s i n g  a p r o p e l l a n t  o f  g r e a t e r  atomic weight .  I f  i t  i s  p o s s i b l e  t o  
o b t a i n  va iues  of  V ;ii which a re  g r e a t e r  than u n i t y ,  i t  becomes 
important  t o  d e f i n i t e l y  i d e n t i f y  the  r e spons ib l e  mechanisms expe r i -  
menta l ly  i n  o rde r  t o  opt imize a c c e l e r a t o r  performance. Some progress  
i n  t h i s  d i r e c t i o n  has been made a n a l y t i c a l l y  by i d e n t i f y i n g  t h e  r o t a -  
t i o n a l  speed up due t o  e l e c t r o n  c o l l i s i o n s  as the  most l i k e l y  method 
of energy exchange from t h e  e l e c t r o n s  t o  the  ions .  
K E O  
The tes ts  conducted with t h e  low-power engines  have shed 
some l i g h t  upon t h e  power s c a l i n g  l a w s  f o r  t h e  a c c e l e r a t o r  and upon 
t h e  des ign  parameters  which can improve performance. The r e s u l t s  can 
be  summarized as fo l lows:  
1. 
2. 
3 .  
The o v e r a l l  performance of t he  b e s t  low-power engine was 
poorer  than  t h a t  of the high-power engine.  This  occurred 
because t h e  power loss  t o  t h e  engine components of t h e  low- 
power a c c e l e r a t o r  was a h igher  percentage of the  o v e r a l l  
input  power. 
Of a l l  t h e  gases  t e s t e d ,  e.g. ,  hydrogen, helium, argon, and 
n i t rogen ,  hydrogen exh ib i t ed  t h e  b e s t  a c c e l e r a t o r  performance. 
This  i s  probably due t o  t h e  occurrence of h igher  e l e c t r o n  
ene rg ie s  i n  t h e  o the r  gases ,  which inc reases  t h e  anode power 
l o s s  p e r  u n i t  cu r ren t  and l eads  t o  t h e  occurrence of m u l t i p l e  
i o n i z a t i o n .  
Many e l e c t r o d e  conf igu ra t ions  w e r e  t e s t e d  i n  o rde r  t o  o b t a i n  
s t a b l e  performance and accep tab le  e f f i c i e n c y  a t  low m a s s  f low 
r a t e s .  The buf fered  cathode des ign  w a s  t h e  only one which 
permi t ted  us t o  reduce the  mass flow rate  below 1 mi l l ig ram/  
second wi thout  i n j e c t i n g  gas  i n t o  t h e  vacuum chamber t o  keep 
the  ambient p re s su re  up. 
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6 . 5  Experimental Anode S tud ie s  
A s p e c i a l  t es t  appa ra tus  was designed and f a b r i c a t e d  f o r  t h e  
purpose of studying the  anode c h a r a c t e r i s t i c s  of t h e  a c c e l e r a t o r .  The 
anode cons is ted  of t h r e e  i d e n t i c a l  copper segments which were i n s u l a t e d  
e l e c t r i c a l l y  and thermal ly  from each o t h e r  (see Fig.  6 - 5 2 ) .  These segments 
were connected i n d i v i d u a l l y  through shunts  t o  t h e  power lead so t h a t  t h e  
c u r r e n t  drawn by each could be measured. The coo l ing  c i r c u i t  of each 
was a l s o  connected s e p a r a t e l y  t o  a flowmeter and thermocouple so  t h a t  
t he  power absorbed by each could be found. A pres su re  t a p  was provided 
i n  one segment f o r  measuring t h e  p re s su re  i n  t h e  anode cav i ty .  During 
some of t he  t e s t s ,  t he  p re s su re  t a p  was loca ted  i n  t h e  t h i r d  segment and 
a t  o t h e r  times i t  was loca ted  i n  t h e  f i r s t  segment. A s  c l o s e l y  a s  could 
be determined, the  p re s su re  was s i m i l a r  a t  t he  two p o s i t i o n s .  
The pressure  t h a t  was measured i n  t h e  anode c a v i t y  i s  p l o t t e d  
versus  the  gas mass flow r a t e  i n  Fig.  6 - 5 3 .  I f  w e  assume t h a t  t h e  gas  
i s  son ic  a t  the e x i t  o r i f i c e ,  then a va lue  f o r  t he  e x i t  v e l o c i t y  can be 
computed from p e r f e c t  gas theory.  A s  a f irst  o rde r  approximation t h i s  
i s  given a s :  
' Y -  Po At m =  l + y  u 
o r  
m 
U = 3 . 6 5  f - e x i t  see 
where p i s  given i n  m.m. of mercury and rh is i n  gm/sec. 
computed va lues  is presented i n  Fig. 6 - 5 4 .  
t o  be only approximate, bu t  they  do i n d i c a t e  some i n t e r e s t i n g  and impor- 
t a n t  t r ends .  
t he  gas in s ide  of t h e  anode cav i ty .  
t r a n s f e r r e d  in s ide  of t he  anode from t h e  d i scha rge  to' t h e  gas  appears  
t o  go through a maximum a s  the  mass flow i s  decreased.  
A p l o t  of t hese  
* 
These v a l u e s  a r e  considered 
F i r s t ,  a cons ide rab le  amount of energy i s  t r a n s f e r r e d  t o  
Second, t h e  energy per  p a r t i c l e  
I n  o rde r  t o  i n v e s t i g a t e  t h i s  phenomenon f u r t h e r ,  t he  informat ion  
obtained from t h e  energy balance can be used. I f  we assume t h a t  a l l  of 
* The pressure used i n  t h i s  c a l c u l a t i o n  w a s  3 m.m. lower than  t h e  
measured value because of an apparent  i n t e r c e p t  of 3 m.m. a t  I% = 0 i n  
F i g .  6 - 5 3 ) .  
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t he  energy has been t r a n s f e r r e d  t o  t h e  gas i n s i d e  of t h e  anode c a v i t y ,  
i t  i s  poss ib le  t o  e s t a b l i s h  v a l u e s  f o r  t he  temperature,  d i s s o c i a t i o n  and 
i o n i z a t i o n  l e v e l s  of t h e  gas  a t  t h e  anode e x i t  by us ing  a M o l l i e r  c h a r t .  
The poin t  i s  determined by t h e  i n t e r s e c t i o n  of t h e  en tha lpy ,  h = - 
and t h e  pressure  curves .  The informat ion  obta ined  from t h e  M o l l i e r  
c h a r t  i s  shown i n  columns 7-9 of Table 6-IX. We can now compute t h e  
e x i t  gas temperature from t h e  son ic  cond i t ion ,  u s ing  t h e  v a l u e s  f o r  
i o n i z a t i o n  and d i s s o c i a t i o n  l e v e l  found from t h e  M o l l i e r  c h a r t  
pG 
A '  
2 
e x i t  
U 
= y(l + a ) ( l  + p> R 
These va lues  a r e  shown i n  columns 4 & 5 0 f  Table  6-IX, Comparing 
the  v a l u e s  of t h e  average gas temperature computed from t h e s e  two 
independent c a l c u l a t i o n s  w i l l  g ive  a good i n d i c a t i o n  of t h e  v a l i d i t y  
of t h e  assumptions used i n  t h e  c a l c u l a t i o n s ,  namely; 
1. All of t h e  energy i s  t r a n s f e r r e d  t o  the  gas i n s i d e  
of t he  anode c a v i t y .  
2. The gas  leaves  t h e  anode o r i f i c e  a t  son ic  v e l o c i t y .  
3 .  The gas  i s  i n  thermodynamic equ i l ib r ium.  
The computed tempera tures  a r e  p l o t t e d  i n  F ig .  6-55 a s  a f u n c t i o n  of  
!e !h 
m I '  t he  mass flow non-dimensionalized by t h e  a r c  c u r r e n t ,  i .e.,  a 
The two va lues  computed f o r  t h e  avera  e gas  tempera ture  ag ree  
t o  w i t h i n  about 10% f o r  v a l u e s  of 
v a l u e s  of -/d-!! less than  un i ty ,  a sfiarp d ivergence  between t h e  
two compute8 tempera tures  occurs. 
f o r  high va lues  of t h e  mass flow r a t e ,  ice., * =  > 1, most of 
t he  energy i s  t r a n s f e r r e d  from t h e  d i scha rge  t o  t h e  gas  i n s i d e  of 
t he  anode cavi ty ,  and t h a t  a s  *becomes sma l l e r ,  l a r g e r  and l a r g e r  
q u a n t i t i e s  of energy a r e  t r a n s f e r r e d  t o  t h e  gas i n  t h e  exhaus t  plume. 
Fu r the r  evidence t o  suppor t  t h i s  t e n t a t i v e  conclus ion  i s  found i n  
F i g .  6-54 where the  computed va lue  f o r  t h e  gas e x i t  v e l o c i t y  peaks a t  
\Lr= 1. 
g r e a t e r  t han  un i ty .  For !ef: m I  
m I  
Th i s  would seem t o  i n d i c a t e  t h a t  
m I  a 
Also, dur ing  t h e  t e s t ,  i t  was observed t h a t  no s t r u c t u r e  could 
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be seen i n  the  exhaust  j e t  f o r  va lues  of 3 r >  1, bu t  t h a t  t h e  whi te  j e t  
from the  cathode* appeared and grew i n  i n t e n s i t y  a s  t he  mass flow was 
f u r t h e r  reduced. 
Considerable  e f f o r t  was devoted t o  conduct ing experiments  
which would throw l i g h t  upon the f a c t o r s  de te rmining  t h e  c u r r e n t  d e n s i t y  
d i s t r i b u t i o n  i n  t h e  anode. 
because of a number of experimental  problems and the  l ack  of r e p r o d u c i b i l i t y  
from one run  to  t h e  n e x t .  Consequently,  t he  d a t a  presented  i n  t h e  
fo l lowing  graphs are only  r e p r e s e n t a t i v e  and no gene ra l  conclus ions  
concerning t h e  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  on the  anode should be  drawn. 
Only l i m i t e d  success  w a s  achieved, however, 
The d i s t r i b u t i o n  of c u r r e n t  t o  each of t h e  t h r e e  segments i s  
p l o t t e d  v e r s u s  t h e  t o t a l  cu r ren t  i n  Fig. 6-56. The c u r r e n t  t o  each 
segment i n c r e a s e s  l i n e a r l y  w i t h  t h e  total cur ren t .  However, t h e  
f r a c t i o n  of t h e  t o t a l  c u r r e n t  c a r r i e d  by each segment changes, most ly  
between t h e  second and t h i r d  segments. Changing t h e  p re s su re  i n  t h e  
t ank  between 50 and 500 p appears t o  have no in f luence  on the  c u r r e n t  
d i s t r i b u t i o n  among t h e  segments (see Fig. 6-57). Since t h e  p re s su re  
i n  t h e  anode c a v i t y  w a s  about  25 mm o f  Hg, 
i n d i c a t i o n  t h a t  t he  pressure  could not  a f f e c t  t h e  d i s t r i b u t i o n  i f  t h e  
t ank  p res su res  were r a i s e d  t o  va lues  comparable t o  those  i n  t h e  anode 
c a v i t y  . 
t h i s  i s  no t  too good an 
Tests w e r e  run i n  an  e f f o r t  t o  determine i f  t h e  s t r e n g t h  o f  
t h e  appl ied  magnetic f i e l d  had any e f f e c t  upon the  c u r r e n t  d i s t r i b u t i o n  
t o  t h e  t h r e e  anode segments. The r e s u l t s  are presented  i n  F i g .  6-58. 
A t  t h e  lower magnetic f i e l d  s t r e n g t h s  t h e  anode at tachment  appears  t o  
be moving f u r t h e r  back so t h a t  t he  f i r s t  and second segments t ake  t h e  
m a j o r i t y  of t h e  c u r r e n t .  
c u r r e n t  d e n s i t y  d i s t r i b u t i o n  appears t o  be r e l a t i v e l y  independent of 
t h e  magnitude of t he  f i e l d .  However, a t  t h e  s t r o n g e r  f i e l d s ,  t he  
c u r r e n t s  appear  t o  be s h i f t i n g  forward onto  t h e  t h i r d  segment. 
Over a wide range of f i e l d  s t r eng th ,  t h e  
* C h a r a c t e r i s t i c  of H a l l  c u r r e n t  a c c e l e r a t o r s ,  see Ref. 1. 
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The manner i n  which the  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  i s  
inf luenced  by t h e  mass flow r a t e  i s  probably t h e  most d i f f i c u l t  t o  
determine from t h e  experimental  r e s u l t s .  One set of d a t a  i s  presented 
i n  Fig.  6-59. The t rend  observed a t  high f low rates i n  t h i s  f i g u r e  
was n o t  reproducib le  and a t  times t h e  c u r r e n t  d i s t r i b u t i o n  between 
segments two and t h r e e  reversed. 
tended t o  d i s t r i b u t e  evenly between segments two and t h r e e  a t  low m a s s  
flow rates, i e e e 3  I% -001  gm/sec. 
However, i n  a l l  t es t s  t h e  c u r r e n t  
The f r a c t i o n  of t h e  t o t a l  power l o s t  t o  each segment i s  
shown i n  F ig .  6-60 as a func t ion  of t h e  m a s s  f low rate. Power l o s s  
c o r r e l a t e s  somewhat w i t h  c u r r e n t  d e n s i t y  but  i s  n o t  p r o p o r t i o n a l  t o  
i t .  These r e s u l t s  a r e  s i m i l a r  t o  those found i n  Refs.  1, 9, and 14, 
where t h e  power absorbed by the anode could be  d i r e c t l y  c o r r e l a t e d  
w i t h  t h e  sum of t h e  e l e c t r o n  condensation power, I@, and t h e  convec- 
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6 . 6  Current Densi ty  Measurements 
Knowledge of  t h e  c u r r e n t  d i s t r i b u t i o n s  downstream o f  a Hall 
c u r r e n t  a c c e l e r a t o r  i s  important  f o r  unders tanding  t h e  a c c e l e r a t i n g  
mechanisms and f o r  op t imiz ing  t h e  performance o f  t h e s e  d e v i c e s .  The 
a x i a l  component of  t h e  c u r r e n t  d e n s i t y  i s  more d i r e c t l y  measurable  than  
the  r a d i a l  and azimuthal  components because i t  i s  simply r e l a t e d  t o  t h e  
l o c a l  magnetic f i e l d  s t r e n g t h .  A series o f  measurements was  t h e r e f o r e  
undertaken t o  measure t h e  a x i a l  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  and t o  
s u b s t a n t i a t e  t h e  q u a l i t a t i v e  o b s e r v a t i o n  t h a t  t h e  c u r r e n t s  f low f a r  
i n t o  t h e  reg ion  downstream of  a Hall  a c c e l e r a t o r .  These experiments  
a r e  descr ibed i n  t h i s  s e c t i o n .  
The a x i a l  c u r r e n t s  i n  a H a l l  c u r r e n t  a c c e l e r a t o r  a r e  t h e  o n l y  
source o f  a t a n g e n t i a l  component o f  t h e  magnetic f i e l d .  For t h e  case 
o f  a x i a l  symmetry, d e r i v a t i v e s  with r e s p e c t  t o  angular  p o s i t i o n  vanish  
and one component of t h e  i n d u c t i o n  law i s  g iven  by 
-b 
where k i s  a u n i t  v e c t o r  i n  t h e  a x i a l  d i r e c t i o n .  The i n t e g r a l  form o f  
Thus, measurement o f  t h e  d i s t r i b u t i o n  o f  B (r ,  z )  y i e l d s  J (r ,  z )  
through u s e  of e i ther  Eq. 10 o r  Eq. 11. 
0 Z 
A water-cooled probe s u i t a b l e  f o r  t h e  measurement of  B ( r ,  z )  0 
i s  shown i n  Fig.  6-61 and descr ibed  i n  Ref.  15 .  
The a x i a l  c u r r e n t  d e n s i t y  downstream of  t h e  e l e c t r o d e s  o f  an 
H -1 a c c e l e r a t o r  w a s  surveyed wi th  t h e  probe.  
opera ted  with argon under t h e  fol lowing c o n d i t i o n s :  
Mass flow r a t e  o f  argon kg/ second 
A r c  c u r r e n t  
The a c c e l e r a t o r  w a s  2 
400 amperes 
Arc v o l t a g e  110 v o l t s  
































Coil  c u r r e n t  1800 amperes 
Tank p r e s s u r e  0 .09  mm Hg 
Power absorbed by coolan t  
Anode 1 2 . 3  kW 
Cathode 0 . 6  kW 
The magnetic f i e l d  s t r e n g t h  and d i s t r i b u t i o n  provided by t h e  c o i l  a t  a 
c u r r e n t  o f  1800 amperes i s  shown i n  F i g .  6-62. 
t i o n  which i s  a l s o  shown i n  F i g .  6-62 fo l lows  the f i e l d  l i n e s  c l o s e l y .  
The c u r r e n t  d i s t r i b u -  
The a x i a l  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  was c a l c u l a t e d  from 
t h e  measured B d i s t r i b u t i o n  us ing  Eq. 10 .  The v a l u e s  obta ined  are 
shown i n  Fig.  6-63. 
8 
The measured B 8  was from 1 t o  30 gauss .  
There were a number o f  p o s s i b l e  sources  o f  e r r o r  i n  t h e  e x p e r i -  
mental  r e s u l t s .  Since t h e  probe w a s  swung through t h e  d i s c h a r g e  on an 
a r c  o f  12" r a d i u s  r a t h e r  than  being t r a n s l a t e d  r e c t i l i n e a r l y ,  an o r i e n -  
t a t i o n  e r r o r  w a s  in t roduced .  A t  t h e  f a r t h e s t  extreme o f  t h e  d i s c h a r g e ,  
t h e  probe r o t a t e d  so  t h a t  i t  measured about 91% o f  B The r e l a t i v e  
p o s i t i o n  of  t h e  t r a c e s  obta ined  d u r i n g  a t e s t  and d u r i n g  c a l i b r a t i o n  w a s  
u n c e r t a i n  by about 0 . 5  cm because o f  backlash i n  t h e  p o s i t i o n  t r a n s d u c e r .  
I n  reducing t h e  d a t a ,  t h e  two t r a c e s  w e r e  r e a l i g n e d  t o  make B zero a t  
t h e  c e n t e r l i n e .  The measured d i s t r i b u t i o n s  o f  B were found t o  be asym- 
met r ic  by up t o  15% i n  t h e  cases  t e s t e d .  Lack o f  a x i a l  symmetry o f  t h e  
d ischarge  or f a i l u r e  o f  t h e  probe t o  respond i n s t a n t a n e o u s l y  t o  t h e  l o c a l  
f i e l d  ( f i n i t e  s k i n  depth)  could have caused t h e  asymmetry. Except near  
t h e  a x i s  of  t h e  d ischarge  where t h e  f i e l d  changes r a p i d l y  wi th  p o s i t i o n ,  
i t  i s  thought t h a t  l i t t l e  e r r o r  w a s  introduced by s k i n  depth  e f f e c t s .  
Arc attachment to  t h e  probe w a s  a p o s s i b l e  cause o f  asymmetry o f  t h e  d i s -  
charge.  To i n v e s t i g a t e  t h a t  p o s s i b i l i t y ,  measurements were a l s o  performed 
w i t h  t h e  probe covered by a boron n i t r i d e  s h e a t h .  
a f f e c t  t h e  da t a ,  i n d i c a t i n g  t h a t  a r c  a t tachment  w a s  n o t  a n  important  e f f e c t  
under the  condi t ions  t e s t e d .  Since i t  i s  d i f f i c u l t  t o  c o r r e c t  a c c u r a t e l y  
f o r  o t h e r  causes of  asymmetry, such a s  c u r v a t u r e  of t h e  j e t  caused by asym- 




Use of t h e  s h e a t h  d i d  n o t  
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averaging t h e  magnetic f i e l d  d i s t r i b u t i o n s  observed o n  e i t h e r  s i d e  o f  
t h e  c e n t e r l i n e .  Because of these p o s s i b l e  sources  o f  e r r o r  i n  t h e  
d a t a ,  i t  i s  es t imated  t h a t  t h e  f i n a l  r e s u l t s  f o r  t h e  a x i a l  c u r r e n t  
d e n s i t y  and t h e  a x i a l  c u r r e n t s  i n  t h e  anode and cathode j e t s  are 
u n c e r t a i n  by about f 25%. 
I n  an axisymmetric d ischarge ,  t h e  c u r r e n t  i s  r e l a t e d  t o  t h e  
c u r r e n t  d e n s i t y  by the r e l a t i o n :  
r2 
I = J’2m Jz d r  
1 r 
Therefore ,  t h e  d i s t r i b u t i o n  o f  rJ g i v e s  a b e t t e r  p h y s i c a l  p i c t u r e  of  
t h e  c u r r e n t  p a t t e r n .  The observed v a l u e s  of rJ are shown i n  F ig .  6-64 .  
The area il~C1-e~. each curve i s  p r o p ~ r t i o n a l  t o  t h e  airrent. The curves 
o f  rJz i n  F ig .  6-64 are a l s o  shown i n  F i g .  6-62 .  
Z 
z 
The d a t a  s u b s t a n t i a t e  t h e  model of  t he  d i s c h a r g e  i n  a H a l l  
c u r r e n t  a c c e l e r a t o r  t h a t  w a s  deduced on t h e  b a s i s  o f  v i s u a l  o b s e r v a t i o n s  
( R e f .  1). The c u r r e n t  ( p o s i t i v e  c u r r e n t )  f lows downstream from t h e  
anode i n  a w e l l  def ined  anode j e t  and r e t u r n s  a long t h e  c e n t e r l i n e  o f  
t h e  stream t o  form t h e  cathode j e t .  A s  t h e  c u r r e n t  i n  t h e  cathode j e t  
i s  e s s e n t i a l l y  p a r a l l e l  t o  t h e  magnetic f i e l d ,  i t  i s  probably c a r r i e d  
most ly  by e l e c t r o n s  flowing downstream. I n  t h e  anode j e t ,  where t h e  
e l e c t r o n i c  m o b i l i t y  i s  reduced by the  r a d i a l  component o f  t h e  magnetic 
f i e l d ,  t h e  c u r r e n t  i s  pr imar i ly  c a r r i e d  by t h e  downstream flow o f  i o n s .  
Radia l  c u r r e n t s  f low from t h e  anode t o  the cathode j e t ,  caus ing  t h e  
t o t a l  axial  c u r r e n t  i n  each j e t  t o  d e c r e a s e  wi th  d i s t a n c e  from t h e  
a c c e l e r a t o r .  The c u r r e n t  i n  each j e t ,  as a f u n c t i o n  o f  a x i a l  p o s i t i o n ,  
i s  noted i n  F i g .  6-64 and p l o t t e d  i n  F i g .  6-65 .  It i s  seen  t h a t  t h e  
anode and cathode j e t s  p e r s i s t  f a r  downstream o f  t h e  e l e c t r o d e s .  I n  
Fig.  6-61 t h e  shapes of  t he  anode and cathode j e t s  are compared t o  t h a t  
o f  t h e  a p p l i e d  magnetic f i e l d .  I t  i s  seen t h a t  t h e  anode and cathode 
j e t s  fo l low t h e  f i e l d  l i n e s  f a i r l y  c l o s e l y .  
54 7 0 -F ina 1 6-93  
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7.  CONCLUSIONS AND RECOMMENDATIONS 
7 . 1  Thrust  Mechanisms and Measurement 
1. I n  a l l  c a s e s  a l i n e a r  r e l a t i o n s h i p  between t h r u s t  and a r c  
c a r r e n t  has been iiieasiired if all other controllable vari-  
a b l e s  are maintained cons t an t .  This r e l a t i o n s h i p  has  been 
found t o  break down only where the  r a t i o  of i on  f l u x  ra te  
t o  a r c  c u r r e n t  f a l l s  below a c r i t i c a l  v a l u e ,  i . e . ,  * < Ifcr. 
2 .  The measured t h r u s t  has been found t o  be independent of t h e  
mass f low r a t e  of the p r o p e l l a n t  f o r  va lues  of Jr  > Q P v .  -- 
3 .  The measured t h r u s t  h a s  been found t o  remain cons t an t  o r  
t o  rise as the  tank p r e s s u r e  i s  reduced t o  va lues  lower 
than lop  of mercury. 
4. The t h r u s t  increased  i n i t i a l l y  a s  t h e  s t r e n g t h  of the  
magnetic f i e l d  w a s  increased .  I n  some c a s e s  the  ra te  of 
i n c r e a s e  dropped t o  zero  a t  q u i t e  low f i e l d s  and no f u r t h e r  
change i n  t h r u s t  occurred as the  f i e l d  s t r e n g t h  w a s  increased  
beyond t h i s  po in t .  
It has  been found poss ib l e  t o  e x p l a i n  these  t r ends  wi th  a n  
a n a l y t i c  model. I n  t h i s  model t he  mechanism t h a t  c o n t r i b u t e s  t h e  
major amount of t h r u s t  i s  t h e  d i r e c t e d  k i n e t i c  energy t r a n s f e r r e d  t o  
the  ions  i n  t h e  d ischarge .  Most of t h i s  energy i s  put  i n i t i a l l y  i n t o  
ion  r o t a t i o n .  A l a r g e  f r a c t i o n  of t h i s  energy later goes i n t o  i o n  
a x i a l  and r a d i a l  i on  motion by expansion i n  the  magnetic nozz le .  
a n a l y s i s  a l s o  p r e d i c t s  t h a t  a one-to-one r e l a t i o n s h i p  should ex is t  
between the  a r c  c u r r e n t s  and the p r o p e l l a n t  m a s s  f low rate  t o  o b t a i n  
the  b e s t  a c c e l e r a t o r  performance. I f  less than t h e  c r i t i c a l  flow rate 
of p r o p e l l a n t  i s  used ,  t he  e l e c t r o n  temperature rises and t h e  power 
The 
5470-Final 7-1 
l o s s  t o  the  anode i n c r e a s e s  r a p i d l y ,  dec reas ing  t h e  o v e r a l l  e f f i c i e n c y .  
I f  more than the  c r i t i c a l  flow ra te  of p r o p e l l a n t  i s  used ,  t h e  excess  
i s  no t  ionized and d i f f u s e s  out  of t he  engine unused, r e s u l t i n g  i n  
poor pr  ope 1 l a n t  u t i l i z a t i o n .  
7 . 2  Elec t rode  Loss Measurements and Mechanisms 
1. Whenever measurements were made, i t  w a s  found t h a t  t h e  anode 
power l o s s  w a s  approximately p r o p o r t i o n a l  t o  t h e  a r c  c u r r e n t .  
2 .  The power l o s s  t o  t h e  anode was found t o  i n c r e a s e  as t h e  mass 
f l o w  ra te  decreased .  
3 ,  I n  some cases  t h e  anode power l o s s  i nc reased  as the  magnetic 
f i e l d  s t r e n g t h  w a s  i nc reased .  I n  o t h e r  c a s e s  t h e r e  w a s  no 
change i n  t h e  anode power as the  magnetic f i e l d  s t r e n g t h  w a s  
var ied  . 
4. The power l o s s  t o  t h e  anode d id  not  appear  t o  depend upon 
the p re s su re  i n  t h e  vacuum tank as i t  w a s  v a r i e d  over q u i t e  
a wide range.  
The above r e s u l t s  apply t o  a c c e l e r a t o r s  where t h e  anode 
at tachment  occurred on t h e  f r o n t  f ace .  When t h i s  happens,  t he  power 
t r a n s f e r r e d  t o  the anode i s  p r i m a r i l y  the  power convected i n t o  the  
anode with the e l e c t r o n s  which c a r r y  the  a r c  c u r r e n t .  The t r ends  d i s -  
cussed above then i n d i c a t e :  
1. 
2 .  
3 .  
4. 
The e l e c t r o n  temperature  near  t h e  anode s u r f a c e  i s  indepen- 
dent  of t he  a r c  c u r r e n t .  
The e l e c t r o n  temperature  dec reases  somewhat as the  mass flow 
r a t e  i nc reases .  
Increas ing  the  magnetic f i e l d  e i t h e r  i n c r e a s e s  the  e l e c t r o n  
temperature near  t he  anode or  does no t  apprec i ab ly  a f f e c t  i t .  
The e l e c t r o n  temperature  a t  the  anode i s  approximately inde-  
pendent of t h e  tank p res su re .  This i n d i c a t e s  t h a t  t h e  va lues  
of E/p probably remain cons t an t  throughout t h e  a c c e l e r a t o r  as 
p i s  v a r i e d .  Such a r e l a t i o n s h i p  i s  c o n s i s t e n t  w i th  the  
observa t ion  t h a t  t h e  d i scha rge  volume dec reases  as t h e  p re s -  
s u r e  i nc reases  ; t he  vo l t age  meanwhile remaining cons t an t .  
5470-Final 7-2 
Two types of cathode at tachment  have been observed. I n  the  
gaseous a c c e l e r a t o r s  the  arc a t tached  t o  t h e  t i p  of a tungs ten  cone. 
I n  t h e  a lka l i  metal a c c e l e r a t o r  t he  a r c  a t t ached  t o  t h e  cathode on 
t h e  ou te r  s u r f a c e  of the  c y l i n d r i c a l  p o r t i o n  of t h e  cathode.  The 
power loss t o  t h e  cathode pe r  u n i t  c u r r e n t  w a s  h ighe r  i n  the  l a t t e r  
case  by about  a f a c t o r  of four .  This  i n d i c a t e s  t h a t  p o i n t  a t tachment  
should be used whenever f e a s i b l e .  
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